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ABSTRACT 
 

Characteristics of ice-rich permafrost soils and their effect on thermokarst expansion rates 

in Interior Alaskan peatlands 

 

 

Natalie J. W. Zwanenburg             Advisor: 

University of Guelph, 2018             Dr. Merritt R. Turetsky 

 

 

 

This thesis addresses two uncertainties concerning permafrost thaw in peatlands by 

quantifying: (i) how soil characteristics and collapse-scar feature morphology interact to 

influence lateral expansion rates of thermokarst features; and (ii) the consequences of 

thermokarst expansion rates on terrestrial carbon storage. I collected peat cores within and 

adjacent to collapse-scar features to develop a chronosequence of time-following-thaw. I 

explored feature morphology and soil characteristics using grain size analysis. Radiocarbon 

dating of the organic and mineral soils from each peat core was used to quantify lateral 

expansion and peat accumulation rates. Grain size was uniform across the study region, 

suggesting other physical characteristics (such as ice content and organic matter) influence 

thaw rate of collapse-scar features. Permafrost carbon stocks rapidly decrease post-thaw, 

while new surface peat carbon gradually accumulates. My findings suggest anywhere from 

250-700 years of surface peat accumulation is required to compensate for deep permafrost 

carbon losses. 
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1.0. Introduction 
 

1.1. Permafrost: Extent, distribution and modes of thaw 
 

Permafrost is frozen ground (soil, rock or sediment) that has been frozen below 0°C for 

two or more consecutive years. This frozen ground is found in more than 25% of the northern 

hemisphere including between approximately 40 to 70% of the total land in Alaska (Jorgenson et 

al., 2008; Wylie et al., 2016).  The thickness of permafrost ranges from a few meters near its 

southern range to many kilometers deep further north. Permafrost thickness is dependent on the 

composition of the frozen material and on surface ecologic and soil conditions, variation in the 

local climate (such as temperature and precipitation) or solar radiation within the permafrost region 

(Smith et al., 2010). The layer above permafrost is a seasonally frozen layer called the active layer. 

The depth of the active layer is affected by seasonal variations in temperature and moisture, 

subsurface topography and land cover changes. 

 

Permafrost is classified into three zones: continuous, discontinuous and sporadic (Figure 

1). In the northern-most regions of Canada and Alaska, permafrost is continuous in its spatial 

distribution and this continuous zone extends south to about 60°N. Continuous permafrost is 

relatively resistant to topographic or thermal changes. The active layer in the continuous zone is 

thin since temperatures stay close to freezing year-round (Everdingen, 2005). Further south, the 

presence or absence of permafrost is controlled by surface topography, geomorphology and 

thermal conditions, and consequently permafrost distributions become discontinuous (Black, 

1964; Péwè, 1982). The discontinuous region of permafrost is found between 65-50°N in the 

subarctic and taiga regions. South of the discontinuous permafrost zone is sporadic permafrost, 

which can be found in high altitudes in lower latitude regions, north-facing slopes with minimal 

solar radiation exposure, or in peatlands. Underneath peatlands, sporadic permafrost exists out of 

equilibrium with the climate as it is protected by thick peat deposits. The peat deposits insulate the 

permafrost soils by reducing the amount thermal exchange at the surface (Koven et al., 2009), 

allowing permafrost to be preserved, even in environments that do not normally promote the 

persistence of permafrost.  

 

There are two main mechanisms of permafrost degradation: (i) vertical thaw, which can 

affect permafrost thaw through either bottom up or top-down processes, and (ii) thermokarst and 

thermal erosional processes, which can degrade permafrost both vertically and laterally. First, both 

bottom-up and top-down thaw processes of vertical thaw can affect permafrost through increases 

in active layer thickness. Regular top-down thaw occurs naturally throughout permafrost region, 

since it can be readily affected by successive warm and/or wet (i.e. rain and snow) years.  This can 

degrade permafrost gradually over time, causing the active layer to recede into deeper soil and 

sediment layers (Jorgenson, 2001).  Several studies have shown that the active layer has been 

receding over time, likely as a result of warming over the past several decades (Shiklomanov et 

al., 2010). On the other hand, other studies have shown that active layer thickness has remained 

relatively stable despite fluctuations in surface temperatures (Sazonova & Romanovsky, 2003). 

Active layer deepening may be too gradual for accurate detection or may be masked by surface 

subsidence (Shilomanov et al., 2010).  However, a key point is that permafrost thaw through 
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vertical processes that lead to active layer deepening tends to occur slowly, affecting centimetres 

of soil but over very large regions.  

 

The second mechanism of permafrost degradation is thermokarst. Thermokarst refers to a 

massive thawing of ground-ice that produces ground subsidence (Figure 2; Péwè, 1982; 

Everdingen, 2005) and deformation within the soil column (Péwè, 1982; Schuur et al., 2008; Jones 

et al., 2013).  This process produces landscape features characterized by uneven, hummocky 

ground and it has direct implications for almost all aspects of an ecosystem. In peat-rich 

ecosystems, thermokarst converts conifer dominated peatlands into collapse-scar bogs through 

alterations to hydrology (Kanevskiy et al., 2014; Quinton and Baltzer 2013; and others), vegetation 

(Baltzer et al., 2014; Lara et al., 2016), topography (Kanevskiy et al., 2011; Farquharson et al., 

2016; Liu et al., 2016), and carbon dynamics (Turetsky et al., 2007; Jones et al., 2013; Kanevskiy 

et al., 2013; Jones et al., 2015). Thermokarst features typically form as the active layer recedes 

over time both laterally and vertically in response to warming, or from a major surficial 

disturbance, such as wildfire, initiating thaw (Jones et al., 2015).  

 

Thermokarst features already cover about 20% of the circumpolar subarctic discontinuous 

permafrost region (Olefeldt et al., 2016). In interior Alaska, Lara et al. (2016) found that 13% (74 

620km2) of boreal lowlands are susceptible to collapse-scar bog formation, since these ecosystems 

are among of the most vulnerable systems to future climate change. Farquharson et al. (2016) used 

remote sensing techniques and found that 97% of the land in a 300 km2 study region in arctic 

Alaska (from north of the Brooks Range to the Arctic Coast) was already actively forming or was 

susceptible to thermokarst formation. A major factor in this extensive thermokarst formation was 

the fine grained sediment composition and high ice content in these surface soils (Farquharson et 

al., 2016). Of these permafrost soils, Farquharson et al. (2016) concluded that marine silt soils or 

soils not previously exposed to thaw, such as aeolian silt (yedoma), were most susceptible to 

continual or future thermokarst formation. Other studies have concluded that ice-rich lowland soils 

as well as soils with fine-grain texture are thought to be some of the most vulnerable ecosystems 

to permafrost thaw and widespread ecological change resulting from this thaw (Walters et al., 

1998; Lara et al., 2016).  

 

1.2. Thermokarst and collapse-scar bog development 
 

The effects of permafrost thaw on the ecology and biogeochemistry of terrestrial carbon 

storage depends on relationships between surficial and subsurface conditions.  For example, the 

release of carbon (C) post-thaw is variable because C cycling processes can be affected by 

numerous factors such as vegetation, hydrology and topography. Changes in depth of the active 

layer can also be affected by changes in subsurface conditions, including the amount of ground ice 

in soils, land cover changes triggered by vegetation type or forest fire disturbance, and variation 

in grain size of soil and overburden.  

 

 For centuries in lowland regions such as the Tanana Flats of Interior Alaska, thermokarst 

has caused forested peat plateaus to transition into collapse-scar bogs (Lara et al., 2016). Lara et 

al. (2016) showed that lowland birch (Betula papyrifera) forests have experienced more rapid 

declines (0.5-1.0m/yr over the past 60 yrs) in peat plateau areas relative to changes in black spruce 

(Picea mariana) peat plateaus (0.1-0.5m/yr over past 60 yrs). More rapid thermokarst expansion 
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in the birch forests is consistent with previous work showing that birch forests underlain by 

permafrost are within 0.2–0.5 °C from thawing (Osterkamp et al., 2000; Osterkamp, 2007).  

Additionally, ice content tends to be greater in soils of lowland birch plateaus compared to lowland 

spruce peat plateaus, likely caused by the relatively thin organic layer and moss cover in the birch 

dominated systems (Osterkamp et al., 2000). Research by both Lara et al. (2016) and Osterkamp 

et al. (2000) suggest that as a result of this higher ice content and thinner organic matter layers, 

lowland birch forests are more susceptible to rapid thermokarst formation than black spruce 

forests. The greatest expansion of thermokarst features in the birch forests of interior Alaska 

occurred following warm periods, whereas the most rapid expansion of thermokarst wetlands in 

spruce forests occurred after wet periods (Lara et al., 2016). Spruce forests are intolerant of 

saturated conditions (Baltzer et al., 2014), which could help to explain this pattern, although wet 

periods also could have increased surface permafrost temperatures to trigger thaw in the spruce 

systems.  

 

Thermokarst landscapes produce a patchy, island-like terrain by segregating the landscape 

into frozen peat plateaus and thawed collapse-scar bogs, which cause several notable shifts in 

ecosystem structure. Hummocks and hollows form on the landscape as ground subsidence of the 

landscape produces uneven ground. The collapse-scar features fill with the recently thawed water, 

encouraging lateral thaw at the edges or margins of the features (Olefeldt et al., 2016). The ground 

becomes anoxic (Baltzer et al., 2014), and woody vegetation (Picaea marinana, Populus 

tremuloides, Betula papyrifera) covering the frozen peat plateaus cannot survive in the wet 

conditions, triggering vegetation shifts to aquatic/wetland species (Sphagnum spp., Carex spp., 

Equisetum variegatum) (Turetsky et al., 2002). As peat plateaus diminish in size, and the active 

layer deepens vertically, taliks and expansion of thermokarst features occurs and which, together, 

produces an anoxic environment.  This triggers the pronounced shift in vegetation from woody to 

aquatic species. Transitions in vegetation species and peat accumulation within the discontinuous 

permafrost region of Interior Alaska are indicative of localized permafrost degradation. Peatlands 

throughout this region consist of saturated Sphagnum-Carex internal lawns representing localized 

permafrost degradation, interspersed with drier ombrotrophic bogs (Turetsky et al., 2002).  

 

Although it has not been widely studied, the influence of thin sedimentary overburden is 

thought to influence the development of thermokarst landforms (Olefeldt et al., 2016). The 

abundance of loess (aeolian silt and clay) in the surface soils of lowland areas across the state of 

Alaska produces the most extensive changes in surface structure in response to thaw (Péwè, 1982), 

compared to coarse grained soil in the continuous permafrost region (Farquharson et al., 2016). 

Coarse grained soils tend to be of low moisture (i.e. ice) content and thus they are thaw stable, 

while silty soils have high moisture content (i.e. more ice) making them more susceptible to 

thermokarst formation and subsidence when these soils thaw. These pronounced landscape level 

changes are attributed to the high water-holding capacity of silts (Yershov, 1998; French, 2007). 

Fine-grained sediment overburden with large ground-ice masses are favorable conditions for 

thermokarst development (Péwè, 1982) as a result of permafrost degradation in response to the 

warming climate.  

 

Most studies have explored the relationship between surface conditions and thermokarst 

formation (Baltzer et al., 2014; O’Donnell et al., 2012; Lara et al., 2016), without considering 

subsurface factors such as detailed physical couplings between water, air, soil, and the thermal 
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dynamics governing freeze-thaw and soil mechanics (Rowland & Coon, 2016). One exception is 

Farquharson et al. (2016), which concluded that fine-grained soils with high ice content thaw faster 

than coarse grained soils due to increased pore space filled with ice between particles. Developing 

a thorough understanding of the relationship between fine-grained soils and thermokarst 

development could help to understand why some areas are more susceptible to thermokarst 

development than others.  

 

Remote sensing studies are currently the most common way to analyze the rate of lateral 

expansion of thermokarst features (Farquharson et al., 2016; Jones et al 2011; Lara et al., 2016; 

Liu et al., 2015). However, they often are not effective in capturing long term changes since they 

tend to focus on decadal scale patterns. They also often do not account for fine details of vertical 

expansion. A few studies have used macrofossil reconstructions and 14C dating to reconstruct 

paleoclimates, which help to examine C accumulation rates and characterize historical changes in 

species assemblages attributed to thermokarst (Jones et al., 2013; Heslop et al., 2015; Matveev et 

al., 2016). Jones et al. (2013) found that following thaw, apparent (i.e. long-term rate of C 

accumulation; LORCA) C accumulation rates are 5-6 times higher than average boreal C 

accumulation rates (60 to >100 g C m-2 y -1). This indicates that C accumulation rates of new 

aquatic vegetation species remain elevated for the first century following thaw (Jones et al., 2013). 

Subsequently, the deep C stores, representing the previously frozen permafrost plateaus, have a 

very low C accumulation rate of <5 g C m-2y-1, (Jones et al., 2013). Although peat core 

reconstructions can document shifts in species assemblages from woody to aquatic vegetation 

consistent with thermokarst (Jones et al., 2013), they are point measurements and thus cannot 

determine rates of lateral expansion.  

 

1.3. Permafrost C-feedbacks with climate 
 

Currently, almost two times more C is stored in permafrost soil organic matter than is found 

in the Earth’s atmosphere (Schuur et al., 2008; Bao et al., 2014), with latest estimates of the total 

permafrost C pool at 1300 Pg C (Wylie et al. 2016). Once permafrost becomes susceptible to thaw, 

organic matter can be mineralized by microbes and the subsequent release of C could contribute 

to greenhouse gas concentrations in the atmosphere.  The decomposition of thawed permafrost 

organic matter, however, is governed by a number of factors that will determine the fate of 

permafrost C: (i) the history of decomposition and its effect on soil organic matter quality (Grosse 

et al., 2010; O’Donnell et al., 2014); (ii) land cover type and how this influences rates of thaw 

(Lara et al., 2016); and (iii) the protection of labile soil C post-thaw due to hydrology (i.e. high 

soil moisture) (Baltzer et al., 2014).  Additionally, as permafrost thaws, it is also important to 

understand whether microbes are releasing C in the form of CO2 or CH4 (Grosse et al., 2010; 

O’Donnell et al., 2012; Matveev et al., 2016). In general, anoxic conditions will slow the overall 

rate of permafrost C mineralization but will lead to more CH4 production.  Methane has a higher 

radiative forcing than CO2, and thus is more powerful in trapping in heat in the atmosphere. 

Therefore, the form that C takes as it is decomposed and released upon thaw is important to 

understand. Although the presence of high soil moisture can slow decomposition rates due to 

saturation (O’Donnell et al., 2012; Baltzer et al., 2014; O’Donnell et al., 2014), an accumulation 

of surface water will accelerate thaw due to latent heat transfer (Liu et al., 2015; Farquharson et 

al., 2016). Slight changes in any and/or all of these factors decreases the robust nature of 

permafrost to thaw. Though the release of C as a result of thawing permafrost organic matter is 
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thought to be one of the most certain feedbacks from terrestrial systems to the atmosphere in a 

warming climate; the rate, form, and timing of permafrost C releases remain highly uncertain.  This 

is particularly true for thermokarst, given that most earth system models only examine permafrost 

C releases resulting from vertical thaw processes (Schuur et al. 2008). 

 

Peat accumulation represents the balance between organic matter inputs via net primary 

productivity (NPP) and losses via gaseous heterotrophic respiration and dissolved organic matter 

losses (Turetsky et al., 2002). Turetsky et al. (2002) found that collapse-scar bogs accumulate near-

surface peat at rates faster than other thaw landforms (e.g. bogs, frost mounds). On the other hand, 

thermokarst and loss of permafrost peatland was associated with 1.6- and 30-fold increases in CO2 

and CH4 fluxes from soils, respectively (Turetsky et al., 2002). This provides evidence that 

thermokarst stimulates both plant and soil activity, leading to high C accumulation rates (i.e. fast 

plant C uptake) and high soil C mineralization rates. Using a chronosequence approach and 

reconstruction of total soil pools, O’Donnell et al. (2012) found that new peat accumulation (i.e. 

post-thaw/bog peat accumulation) could not compensate for deep permafrost-C (i.e. pre-

thaw/forest peat accumulation) losses, resulting in an overall loss of organic C following 

permafrost thaw.  Jones et al. (2013) showed that approximately 30% of the permafrost C pool is 

lost in the first 100 years post-thaw. A key issue, then, is how long it would take for new peat 

accumulation in collapse-scar bogs to offset these large losses of permafrost C. 

 

1.4. Study objectives and hypotheses 
 

The overall goal of this thesis is to address two major uncertainties in high latitude 

ecosystems: (i) how physical soil characteristics and basin morphology (size and age of collapse-

scar features) interact to influence the rate of lateral expansion of thermokarst features, which are 

formed when thaw of ice-rich permafrost triggers land subsidence; and (ii) the consequences of 

thermokarst expansion rates on terrestrial carbon storage and the balance between permafrost C 

losses and new C accumulation through thermokarst peat accumulation.  In order to address these 

two issues, I tested several hypotheses: 

 

Hypothesis 1: Physical soil characteristics, such as ice content, % organic matter, and grain size, 

will vary between major forest types and will influence the timing of thermokarst and rates of 

lateral expansion of collapse-scar bogs.   

 

Prediction 1:  Between my study regions, I predict that birch forests will have a higher ice 

content than spruce forests and will exhibit faster thermokarst lateral expansion rates. 

 

Prediction 2: Within a study region, I predict that areas of permafrost that thawed first (i.e., 

larger compared to smaller thermokarst features, and the center of each thermokarst feature 

compared to margins) will have finer grain size than areas that thawed later.    

 

Hypothesis 2: Spruce-dominated forests have a slower nutrient cycle than birch forests, and thus 

will have larger permafrost C stocks with the potential for greater C loss post-thaw, relative to 

birch forests.  
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Prediction 1:  Permafrost soils in spruce forests will have higher % organic matter content 

and larger C stocks than birch forests. 

 

Prediction 2: Within a study region, I predict that areas of permafrost that thawed first (i.e., 

larger compared to smaller thermokarst features, and the center of each thermokarst feature 

compared to the margins) will have larger post-thaw C stocks than areas that thawed later. 

 

Prediction 3:  After thermokarst initiation (thaw), I predict that forest peat stocks will 

rapidly decrease and will slowly re-accumulate as bog peat begins to accumulate 

simultaneously; however, bog peat accumulation will be slow immediately after thaw and 

gradually compensate for the forest peat losses. I predict that this trend will be slower in 

the spruce dominated forests, and faster in the birch forests due to the faster nutrient cycling 

in the birch forests.  

 

Hypothesis 3: Collapse-scar features expand laterally, thus the area (m2) of collapse-scar features 

indicates the timing of permafrost thaw. 

 

Prediction 1: If size can be used as a proxy for age, then I predict that large collapse-scar 

features initiated thaw first and will have greater reductions in the permafrost C pool, but 

larger increases in the new peat C pool, relative to small features.  

 

Prediction 2: If size is not a proxy for age, then I predict that the size of a feature is an 

expression of how rapidly the feature expanded due to other factors that influence rate of 

thaw, such as variation in physical soil characteristics.  
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2.0. Methods 
 

2.1. Regional geology of interior Alaska 
 

The study region is located in the lowland boreal peatland system of Interior Alaska, found 

in the discontinuous permafrost zone (Figure 3). The area includes the region from ~100 km east 

and west from Fairbanks. The study region is bounded by the Brooks Range ~200 km to the north 

and the Alaska Range ~200 km to the south creating a total area of about 40,000 km2. The regional 

geology consists mostly of fluvial and lacustrine sediments overlain by loess (i.e. aeolian clays 

and silt0sized grains of quartz, plagioclase, mica and chlorite; Muhs et al., 2003) with thick organic 

matter deposits at the surface (Black, 1964; Péwè 1982), in the form of peat. The low mean annual 

air temperatures and minimal precipitation (-2oC and 230 mm; NOAA database) of the Fairbanks 

region promote the stability of permafrost (Jones et al., 2013; Everdingen, 2005). Permafrost is 

found continuously on the north facing slopes of the low-lying hills and discontinuously on the 

south facing slopes and into the lowland floodplains. The continuity of permafrost produces a 

patchy-forested landscape with undulating hummocks and hollows mimicking the presence and 

absence of permafrost.  

 

On the patchy-forested landscape permafrost is generally absent underneath collapse-scar 

features (hollows) and present underneath peat plateaus (hummocks). As the ground ice thaws the 

collapse-scar features fill with water that continually promotes thermokarst formation along the 

edges of the collapse-scar bogs (hereafter collapse-scar bogs or collapse-scar features will be 

synonymous). The addition of recently thawed water produces an anoxic environment for the trees 

growing along peat plateau margins where the vegetation transitions from forest to wetland 

species. This process is common within the lowland boreal forest zone of interior Alaska, whereby 

the peat plateaus are composed of dominant tree species and the collapse-scar bogs are dominated 

by wetland species.  

 

The study region is part of the lowland boreal forest ecosystem, an ecosystem exposed to 

both historical and current thermokarst disturbance (Lara et al., 2016). These ecosystems are 

typically composed of wetlands (bogs and fens) with forests growing on elevated peat plateaus 

(0.5-2 m above the collapse-scar features and water table) (Lara et al., 2016). Dominant woody 

species typically restricted to growth on the elevated peat plateaus are Picea mariana (black 

spruce), Populus tremuloides (trembling aspen), and Betula papyrifera (paper birch). These 

species can thrive in the harsh and nutrient limiting conditions of this permafrost region and are 

the dominant vegetation species characteristic of forest peat (peat that accumulated before a major 

thaw event; hereafter referred to as permafrost or forest peat). Conversely, the collapse-scar bog 

features are dominated by aquatic species still commonly found within the boreal forest region. 

These species thrive in saturated conditions. Dominant species found in the features include Carex 

aquatilis (water sedge), Sphagnum riparium (stream side sphagnum), Sphagnum angustifolium 

(fine bogmoss), and Equisetum variegatum (northern scouring-rush). These species comprise of 

the dominant vegetation found in the new peat accumulation (peat that has accumulated post-thaw; 

hereafter referred to as new or bog peat).  
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2.2. Study site description 
 

Three unique study sites were selected within the study region. They are located ~150 km 

from one another and were selected in part because of ease of access, but also because of their 

distinct vegetation characteristics, and their proximity minimizes any regional climatic variation 

between sites (coordinates of the features included in the study are found in Table 1). The features 

were numbered randomly at each study site.  

 

The Bonanza Creek site (Figure 4A; abbrv: BNZ) is located in the Bonanza Creek 

Experimental Research Forest, Long-Term Ecological Research (LTER) site, 40 km west of 

Fairbanks, AK. The three collapse-scar bogs included in the study are located 2 km north of the 

Tanana River, on the floodplain near lowland hills located to the north of the features. Peat on the 

foothills and forested plateaus is highly organic since the canopy is composed of black spruce trees 

with few soft-wood species. At the margin of the collapse-scar features, the spruce trees turn into 

a drunken forest (i.e. trees displaced from their normal vertical alignment due to disturbance, such 

as frost heaving, thawing permafrost, or thermokarst formation) when the soils become anoxic due 

to low seasonal thaw, shallow roots and unstable ground produced by high ice content and ground 

subsidence. The collapse-scar feature margins have moats that are submerged under water merging 

the outline of the features with the peat plateaus along the edge of the drunken forest. The collapse-

scar features are saturated and dominated with Sphagnum spp. mats and some Carex and 

Equisetum stalks throughout the features.  

 

The Nenana Farms site (Figure 4B; abbrv: NNF) is located on private property 80 km west 

of Fairbanks, AK, 10 km east of Nenana, AK. The eight collapse-scar features selected for this 

study are found adjacent to the Nenana River, on the floodplain, about 1.5 km east of the river. 

The forested peat plateaus are dominated by trembling aspen and paper birch stands with sparse 

black spruce trees. The C-content of peat with hard-wood species is thought to be higher than peat 

with soft-wood species due to the annual accumulation of leaves after senescence. Due to the 

abundance of soft-wood species, these soils are thought to have a lower bulk density than the peat 

at the spruce site (BNZ) due to a higher ice-content in the peat. The margins of the features are 

well defined by standing water moats, the absence of drunken forest, and the sharp transition from 

forest to wetland vegetation. The features are composed of thick clusters of Carex spp. with some 

Sphagnum mats, and very little Equisetum spp.  

 

The third study site is located near the Eielson Airforce Base 40km east of Fairbanks, AK, 

near Moose Creek. The Eielson site (Figure 4C; abbrv: TR) is located about 4 km south of the 

Chena River, independent of The River’s floodplain. This site is located off of Transmitter Rd. 

The peat plateaus are predominantly composed of mixed-wood forests with both abrupt, actively 

thawing margins and undefined, older margins marking the boundaries of the collapse-scar 

features. The features are mostly composed of Sphagnum, Carex, and Equisetum.  

 

2.3. Field methods 
 

To determine which collapse-scar features to include in the study we used repeat imagery 

analysis by monitoring a 50-year time-series of air photos. The features were randomly selected, 

ranging in size from 72m2 to >30 000m2 (Table 1). Sampling a range of feature area was intended 
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to capture potential variation in the timing of thaw initiation as well as impacts on C stocks (see 

Hypothesis 2). 

 

 Current surface area (i.e. open wetland area within the feature) and total ground subsidence 

(height difference from stable peat plateaus to the surface peat within the collapse-scar features) 

of each feature and the adjacent peat plateaus was measured in situ using a LEICO Total Station 

(TS-09). This tool provided the 2-dimensional horizontal (x, y) location of the features edges, as 

well as the change in elevation (z), and thus the 3-dimension. We collected points along two 

transects, perpendicular to each other, from the top of the peat plateaus to the lowest point of the 

thawed features, and around the perimeter of the features to gain spatial data of each thaw feature. 

 

Peat cores were sampled using a frozen finger corer; detailed methods can be found in 

Appendix 1. This sampling approach was developed to collect the full peat profile under saturated 

conditions of collapse-scar bogs.  Two cores were collected from each collapse-scar feature; one 

was collected from the centre of each feature, presumably in a section of the site that experienced 

thaw and thermokarst in the past, and one core was collected from the actively thawing margin 

(edge). Hereafter, the cores will be referred to as centre and edge cores representing historical thaw 

and active/new thaw, respectively. A total of 6 cores were collected at the Bonanza site, 17 at the 

Nenana Farms site, and 13 from the Eielson sites (the total core lengths can be found in Table 1). 

Cores were sectioned into 3-5cm increments using various soil sampling tools (e.g. knife, rubber 

mallet) in the field noting any major transitional boundaries (Figure 5) and stored in coolers until 

they were transferred the same day to the Cold Regions Research and Engineering Laboratory 

(CRREL) in Fairbanks where they were frozen. Any cores that did not represent the full soil profile 

were discarded in the field and excluded from the study.  

 

The material from the frozen permafrost peat plateaus was collected using a gas operated 

hollowed ice auger, known as a Snow Ice Permafrost Research Establishment (SIPRE) corer. The 

corer collects 8-cm diameter intact sections of permafrost suitable for bulk density and sediment 

composition measurements (Douglas et al., 2016).  Three replicates from permafrost plateaus 

located between the sampled collapse-scar features were collected. SIPRE cores were collected 

down to mineral soil, or further until there was minimal humic material present at depth, or clear 

signs that we had reached the permafrost table. Cores were wrapped in parchment paper or placed 

on halved PVC pipes then wrapped in plastic wrap to avoid loss of material. The cores were then 

placed into coolers until they were stored in freezers at CRREL until further processing.  

 

2.4. Analytical Methods 
 

2.4.1. Bulk density, ice content, % organic matter, %C, and C stock calculations 

 

The most practical way to measure the structural support of soil is by calculating the bulk 

density of the soil (Singer & Muuns, 2006). Bulk density is a measure of the total mass of material 

within a known volume, including void spaces. Void spaces can be filled with either air or water, 

whereas the filled spaces are generally occupied by soil or rock, or in the case of permafrost soils, 

ice.  The frozen finger cores were sectioned in the field using various soil sampling tools (e.g. 

knife, rubber mallet, measuring tape) into 3-5 cm sections. Frozen finger cores had two small 

subsamples (~1cm3) carved out using a Dremel 4000 tool, weighed (on a 0.0001g scale) and then 
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were air dried until a constant final dry weight was achieved. The SIPRE cores were shipped frozen 

from CRREL to the University of Guelph (Ecosystems Analysis Lab, Integrative Biology 

Department) for processing. Samples were cut using a hand saw into ~5cm increments, noting any 

major transitions within the core, and adjusting to larger or smaller increments to avoid breaking 

up transitional units (Figure 5).  Samples were weighed (on a 0.0001g scale) and then were air 

dried until a constant dry weight was achieved. To obtain the bulk density measurement for each 

sample (both frozen finger and SIPRE core; n = 984), the dry mass (g) of the material was divided 

by the volume (cm3) of the subsample (Dean 1974). 

 

From the bulk density calculations, moisture content of the peat soils was calculated to 

model ice content (Black 1965). Ice content (%) of peat by depth (cm) was calculated by taking 

the wet weight of peat divided by dry weight of peat multiplied by 100. Since the peat is frozen, 

any change in moisture from field weight to dry weight was considered to be ice in the peat plateau 

samples.  

 

Organic matter concentrations were quantified in all organic and mineral soil samples using 

loss on ignition techniques. Briefly, samples were weighed then combusted in a muffle furnace at 

550oC for 4.5 hours, after which remaining ash content was weighed. 

 

On select samples, the %C and %N concentrations were quantified using a LECO 

elemental analyzer. Strong relationships (r2 = 0.82; p < 0.01; β = 0.45) were found between organic 

matter concentrations (from the loss on ignition analysis) and %C, which was used to estimate the 

%C on the remainder of the samples. 

 

2.4.2. Macrofossil analysis, radiocarbon dating and lateral spread rates 

 

Macrofossil analysis was performed on all of the cores to provide visual inferences on the 

major transition zones of the cores. These transitions were identified by interpreting visual trends 

in the bulk density and LOI data down core. Macrofossil samples included botanical species 

composition interpretation (moss, sedge, wood, peat, mineral soil, other), and other notable 

features (charcoal, mineral grains) characteristic of that transition. Fossils were collected and 

placed on sterile petri dishes, dried at 32oC overnight, packaged and prepped for radiocarbon 

dating at the Carbon, Water & Soils Research Lab in Houghton, Michigan. 

 

Samples were graphitized in preparation for 14C abundance measurement at the Carbon, 

Water & Soils Research Lab in Houghton, Michigan. Following pretreatment, samples were dried, 

weighed into quartz tubes, and sealed under vacuum. Samples were combusted at 900°C for 6 

hours with cupric oxide (CuO) and silver (Ag) in sealed quartz test tubes to form CO2 gas. The 

CO2 was then reduced to graphite through heating at 570°C in the presence of hydrogen gas and 

an iron catalyst (Vogel et al., 1987). Graphite targets were then analyzed for radiocarbon 

abundance (Zoppi et al., 2007), and corrected for mass-dependent fractionation following Stuiver 

and Polach (1977).  Modern 14C dates were included in analysis as the year 1963 to account for 

the decline in 14C due to the large bomb peak of atmospheric 14C (Goslar et al., 2005).  

 

Although macrofossil samples were collected for radiocarbon analysis from both centre 

and edge cores to determine the timing of basal peat accumulation and thermokarst initiation dates, 
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the radiocarbon dates presented are recorded from centre cores only to represent the oldest timing 

of thermokarst initiation in large versus small features. For example, at the Bonanza Creek site, 

the basal peat date from cores 2 and 4 were chosen to represent the small and large features, 

respectively. However, if multiple cores across varying feature area had recorded thermokarst 

initiation dates, a mean of thermokarst initiation dates was used. For example, this was done at the 

Nenana Farms and Eielson sites.  

 

In order to determine the C accumulation rate over time (kg C m-2 y-1), the long-term 

(apparent) rate of carbon accumulation (LORCA) was used following Korhola et al. (1995), where 

the cumulative C stock (kg C m-2) was divided by the 14C age (years before present). Soil C stocks 

were measured by multiplying bulk density (kg m-3) by the %C values and by depth (m). 

Cumulative permafrost (pre-thaw, forest) C stocks were calculated by summing the C stocks from 

the transitional layer to surface mineral, and the cumulative new peat (post-thaw, bog) C stocks 

were calculated by summing the total depth increments from the surface to the transition to forest 

peat layers.  

 

To explore basin morphology and lateral expansion over time, lateral spread rates were 

calculated (LSR; m y-1) by measuring the difference distance (m) of passive (center) and active 

(edge) thaw margin cores by the difference in time of thaw (thermokarst initiation; yr BP) of the 

centre and edge cores. Only the transitional boundary between forest and new peat (representing 

collapse-scar feature formation) was included in these calculations.  
 

2.5. Grain size analysis 
 

Grain size analysis (equivalent to particle size analysis or PSA) was performed only on 

mineral soil samples to determine the soil texture at different locations within the thaw features. 

Composite samples representative of the mineral component of each peat core were grouped 

together while individual samples collected from various depths of the cores were analyzed 

separately. Individual samples were analyzed along with composite samples as a check that the 

composite samples were representative of the mineral soil samples. Multiple depth increments 

were included in analysis to observe any variation in soil texture with depth. Mineral soil samples 

from both the frozen finger and SIPRE cores were included in this analysis. A total of 60 (n=60) 

samples were run on the LS 13 320 Laser Diffraction Particle Size Analyzer in Dr. Cockburn’s lab 

in the Geography Department of the University of Guelph. For both individual and representative 

samples, 0.1000g ± 0.0050g of mineral soil was taken and placed into centrifuge tubes. All of the 

soils were then treated with a 70% peroxide (H2O2) treatment to remove organics, until the reaction 

subsided. Soils were kept saturated by adding 2.5mL dH2O to the samples. Each sample was rinsed 

out of the centrifuge tubes with dH2O and loaded into the aqueous liquid module (ALM). The 

sample was then sonicated and circulated through the optical bench to determine its particle size 

distribution. The sample was run through three iterations where the results from the third iteration 

were used for statistical analysis. 

 

2.6. Statistical methods 
 

Visual trends in the bulk density, ice content, % organic matter and %C data with depth 

were examined to determine variation between permafrost and new peat transitions. The effects of 
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bulk density, ice content, % organic matter and depth within core on mean grain size and 

cumulative of permafrost and new C stocks were further explored using linear regression analysis. 

The lateral spread rates and corresponding radiocarbon dates from the centre cores were log 

transformed before exploring this relationship using linear regression analysis. To examine how 

spatial variation (regional, area of feature and core location) influenced cumulative permafrost and 

new C stocks type I analysis of variance models (ANOVAs) was used. Table A2-A9 (in Appendix 

2) summarizes the variables used in each analysis. Diagnostics of all models were examined to 

ensure that the assumptions of the linear regressions and ANOVA models were not violated.  

 

Non-parametric Wilcoxon-Mann-Whitney test was run to determine if there was a 

difference in the mean 14C age across all cores of the basal dates determined via bulk peat 

radiocarbon versus radiocarbon analysis of macrofossils. No differences were found in the age of 

bulk versus macrofossil sampled dates (m = 8, n = 5, p = 0.17).  ANOVA was used to explore 

variation in the timing of thermokarst initiation (14C) dates from all cores across the three study 

regions. 
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3.0. Results  
 

3.1. Peat core organic matter chemistry and grain size analysis 
 

I predicted that soil bulk density and organic matter content would vary between study 

regions due to the heterogeneous ice content of peat, which would be dependent on major 

differences in vegetation cover. For example, I predicted that the birch-dominated forests at the 

Nenana Farms sites would have a higher ice content than the spruce-dominated forests at the 

Bonanza sites and at the mixed forest sites at the Eielson sites. I also predicted that the % organic 

matter would be higher at the Bonanza and Eielson coniferous forest sites than at the Nenana Farms 

deciduous forests due to lower ice content, colder soils and less decomposed peat. Consistent with 

my predictions, there were differences in the amount of ice content (top panels in Figure 6) and 

organic matter (bottom panels in Figure 6) between sites.  The core data showed that soils from 

the Nenana Farms peat plateaus in general had higher bulk density and ice content than the Eielson 

peat cores.  Organic matter data also supported my prediction, as the spruce-dominated sites had a 

higher overall % organic matter than the birch-dominated sites (bottom panels in Figure 6). 

 

In both the peat plateaus and collapse-scar features, I expected bulk density to increase and 

organic matter concentrations to decrease with depth due to the effects of decomposition.  In 

general, the % organic matter data conformed to my expectations of declining organic matter 

concentrations with depth (bottom panels in Figure 6). My results showed that all cores at the 

Bonanza and Nenana sites followed this trend (Figure 6 B2-4, N1-5).  However, only two of the 

three collapse-scar features (large E4, small E7) sampled at Eielson followed this same trend 

(Figure 6 E4-7). The other Eielson collapse-scar instead showed large fluctuations in bulk density 

and % organic matter towards the bottom of the cores.  Several of the cores in each of the study 

regions showed some irregularities in trends with depth.  For example, peat from Bonanza 4 

showed a rapid increase in bulk density toward the bottom of the core and then a decrease in the 

three most basal samples, possibly suggesting a shift in soil type or botanical history in these 

bottom-most samples (B2-4 from bottom panels in Figure 6). Peat from Bonanza 3 and Eielson 7 

show an increase in bulk density with depth, as expected, followed by fluctuations in bulk density 

towards the bottom of the core. This could possibly suggest an ice pocket or disturbance due to the 

presence of a talik layer. 

 

I plotted ice or water content vs. % organic matter to determine whether these relationships 

varied between forest types. In the collapse-scar features I found that there was a positive 

relationship between soil water content and the % organic matter of the collapse-scar features at 

all three sites (Figure 7). The relationship between these two physical soil characteristics explained 

83% (r2 = 0.83; p < 0.01) of the variation in the spruce-forests compared to only 45% (r2 = 0.45; p 

< 0.01) and 47% (r2 = 0.47; p < 0.01) of the variation in birch-forests and mixed-forests. In the 

permafrost cores collected in peat plateaus, I found that there was no relationship between ice 

content and the % organic matter of the soils of the birch-forest (r2 = 0.042; p = 0.04). However, 

the relationship between %ice content and % organic matter explained 70% (r2 = 0.70; p < 0.01) 

of the variation in the mixed forest soils.  

 

Across all of my sampling locations and study regions, mean grain size was quantified as 

silt to very fine sand sized (Figure 8 A), conforming my expectation of widespread loess covering 
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interior Alaska (Muhs et al, 2003). Mean grain size at the Bonanza sites (42.31 μm ± 2.84) was 

finer than at the Eielson (53.24 μm ± 3.12) or Nenana Farms (54.47 μm ± 3.44) sites. Mineral soil 

characteristics from the collapse-scar features at both the Bonanza and Eielson sites fell within the 

Krumbein phi scale for silt (8-4 φ or 3.9-62.5 μm), indicating very poorly sorted, uniform soil. 

However, the soils at the Nenana sites fell within the Krumbein phi scale for silt (8-4 φ or 3.9-62.5 

μm) and fine to very fine sand (4-2 φ or 62.5-250 μm), also indicative of very poorly sorted, 

uniform soils. Grain size distribution curves at all three study regions were negatively skewed, 

indicating that coarse grains were sorted out of the distribution. This suggests that the soils had a 

high volume of void space, with high water and/or ice holding capacity (Table 2).  

 

Across sites and study regions, I found no significant relationships between mean grain 

size (d50 in µm) and bulk density (g cm-3), organic matter content (%), ice content (%), or depth of 

the surface mineral soils (cm). The relationship between these physical factors explained only 2% 

(r2= 0.02) of the variation in mean grain size. Contrary to my predictions, I found that there were 

no significant differences in mean grain size (d50 in µm) between study regions, with area of feature 

(small versus large collapse scar features), or between core locations (center of feature versus edge 

of feature) (Table 2). 

 

Although there were no significant differences among my study sites, there were subtle 

differences between the means in the raw data that appear to support my predictions. For example, 

within a feature, I expected to find grain size to coarsen as I sampled from the oldest area of thaw 

(centre of collapse feature) to the most recent thaw (active margin/edge) and into intact permafrost 

that has not yet experienced thaw. Data from both the spruce-dominated (Bonanza) and birch-

dominated (Nenana) sites followed this expected trend of mean grain size becoming coarser along 

the permafrost thaw gradient (Figure 8 B-D). Though these trends are subtle, this suggests that the 

fine textured soils at the centre of the collapse features were able to store more ice and thus may 

be the most susceptible to thermokarst at a local scale. The mixed forest site demonstrated the 

reverse trend in mean grain size as it became finer moving from center cores to margin cores to 

frozen peat (Centre: 113.12 μm ± 12.79; Edge/margin: 118.37 μm ± 12.21; Permafrost: 61.68 μm 

± 21.62), which was opposite to my predictions. Similarly, if large collapse-scar features thawed 

earlier in time than smaller features, I predicted that larger features would be associated with finer 

grained soils, thus representing areas more prone to thermokarst than soils associated with small 

collapse scar features. Consistent with this prediction, the raw data show that the mean grain size 

of small (<1000m2) collapse-scar features is coarser than the mean grain size of large (>1000m2) 

collapse-scar features (Table 3; Small: 55.53 ± 3.50 μm; 46.87 ± 3.10 μm).  

 

3.2. Basal peat and thermokarst initiation dates and lateral spread rates 
 

I used the peat core data along with radiocarbon dating to test for differences in the timing 

of thermokarst initiation as well as basal peat initiation between regions. The timing of basal peat 

initiation varied significantly between the three study regions (F(2, 10) = 15.7, MSE = 4.5 e6, p < 

0.01). The Bonanza sites were the first to begin accumulating peat while the Nenana Farms sites 

were the last (Bonanza: 3550 yr BP; Nenana:1700 yr BP; Table 4).  

 

I predicted that there would be variation in the timing of thermokarst initiation between 

study regions, due to the differences in forest cover, soil characteristics and ground ice content.  
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This prediction was supported by my results, which indicated differences between regions in the 

timing of thermokarst initiation (F(2, 8) = 13.1, MSE = 4.5 e6, p < 0.01). In general, thermokarst 

seemed to initiate later in the Bonanza sites than in the other sites.  

 

If size of collapse-scar feature is a proxy for age, then I predicted that the centre of large 

features would correspond to older thermokarst initiation dates than smaller features. 

Alternatively, larger features may correspond to faster lateral thaw expansion rates. Within the 

Eielson sites I found that the larger collapse-scar features corresponded to earlier thermokarst 

initiation dates than the smaller features.  However, this was not the case for the Nenana Farms 

and Bonanza sites. At these sites, thermokarst initiation occurred fairly uniformly in time in all of 

the features sampled, regardless of size/area. This means that at the Nenana and Bonanza sites, 

larger features are not larger because they are older or because they expanded more rapidly on the 

landscape.  

 

I found no relationships between lateral spread rates and soil characteristics such as grain 

size or bulk density. In general, there were no consistent trends in lateral spread rates between the 

study regions (Table 5). The feature with the fastest lateral spread rate was a small Nenana Farms 

collapse-scar feature, which showed expansion rates at a mean rate of 0.44 m y-1 over the 40-year 

period of thaw. On the other hand, the slowest lateral spread rate (0.013 m y-1) occurred in a small 

Eielson collapse-scar feature that thawed over a 285-year period. On average, the mean expansion 

rates were similar between the Bonanza and Nenana Farms sites and tended to be much more 

variable at the Eielson sites (Figure 9 A).  These differences in displacement were not explained 

by feature size, though on average, the larger collapse-scar features were associated with higher 

displacement than smaller features (Figure 9 B; small: 13.75 ± 3.48 m; large: 22.74 ± 4.80 m).  

 

Both displacement and area were not significant predictors of the difference in the timing 

of thermokarst initiation (Table 5; p = 0.61, 0.81, respectively).  However, I found that the mean 

lateral spread rate (m y-1) of each collapse-scar feature explained 11% of the variation in the timing 

of thermokarst initiation across all of the collapse-scar features (Figure 10; r2 = 0.107; p = 0.4).  

 

3.3 Controls on soil C stocks and accumulation rates 
 

Since spruce forests undergo a slower nutrient cycle than forests with more deciduous 

cover I expected permafrost C stocks in the spruce-dominated permafrost plateaus would be larger 

than permafrost C stocks in the other two forest types. My results supported this prediction, as 

there was significant variation in permafrost C stocks between forest types (p = 0.01; Table 6). 

Permafrost C stocks on average were greater in the spruce-dominated peat plateaus and similar to 

the birch and mixed forest dominated plateaus than in the respective collapse-scar features. 

 

Across all of the forest types, I expected to see losses in the permafrost C stock following 

thaw, either partially or totally compensated by increases in new peat (post-thaw) C stocks. In 

support of this prediction, I found that permafrost C stocks in the frozen peat plateaus were about 

5 times greater than the permafrost C stocks remaining in the collapse-scar features on average 

(Table 6). This trend appeared to be consistent across all forest types, though the greatest losses 

occurred following thaw in the spruce forest system. While my results show clear evidence of the 
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development of a new peat layer following thaw, there were no differences in cumulative post-

thaw C stocks between forest types. 

 

Within each study region, I expected to find that larger collapse-scar features thawed first 

and thus corresponded to greater permafrost C losses than smaller features, as well as larger new 

C stock gains, since there would have been more time since thaw. Contrary to my prediction, I 

found no significant difference in permafrost C stocks or new peat (post-thaw) C stocks between 

small versus large collapse-scar features (p = 0.2, p = 0.8 respectively).  

 

After permafrost thaw and thermokarst initiation, I predicted that the accumulation of post-

thaw new bog peat would occur faster in the spruce forests due to slower nutrient cycling and 

decomposition rates than in deciduous forests. Generally, mean LORCA was highest at the spruce 

forest site (65.3 ± 31.4 C m-2 y-1), intermediate at the mixed forest type (46.9 ± 14.8 C m-2 y-1), 

and lowest at the birch forested site (36.7 ± 14.4 C m-2 y-1). Across forest types, I predicted that 

post-thaw LORCA rates would be higher immediately following thaw, due to warm, nutrient-rich 

conditions that stimulate productivity, and then would slow with increasing time since 

thermokarst.  In the permafrost state, peat accumulation rates were variable (from ~6 g C m-2 y-1, 

to ~40 g C m-2 y-1 (Table 7, Figure 11), but in general were low.  After thermokarst initiation, there 

was a rapid increase in LORCA, with post-thaw bog peat accumulation rates ranging from <10 g 

C m-2 y-1 to 253 g C m-2 y-1. 

 

I predicted that variation in subsurface conditions (% ice content, mean grain size of the 

mineral soil and depth to mineral soil) will cause variation in the cumulative C stock associated 

with permafrost C stocks. I found that these physical characteristics explained 35% of the variation 

in permafrost C stocks across all cores at each of the study regions (F(2, 14) = 4.0; R2 = 0.35; p = 

0.03). Soil ice content was the most significant variable (p < 0.01), however, there was no 

relationship between permafrost C stocks and ice content (F(1, 56) = 1.33; R2 = 0.005; p = 0.25).  

 

Due to faster LORCA rates, I predicted it would take less time for new peat formation to 

compensate for permafrost C stock losses in the spruce forests than at more deciduous dominated 

sites. I found that time since thaw explained 90% of the variation in birch forest permafrost C 

stocks (R2 = 0.904, p = 0.2; Figure 12 B) and 91% of the variation in C stocks of the mixed forest 

site (R2 = 0.914. p = 0.1; Figure 12 C). At the Nenana and Eielson sites, new peat accumulation 

fully compensated for permafrost C losses around 714 and 215 years following thaw, respectively. 

However, at the Bonanza spruce forest site, which had the largest permafrost C stocks (120 kg C 

m-2; Jones et al., 2013), new peat accumulation has not yet compensated for permafrost C losses 

after thaw. Additionally, time-since-thaw explained only 69% of the variation in C stock 

accumulation (R2= 0.686, p = 0.6; Figure 12 A) in the spruce forest soils. 
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4.0. Discussion  
 

4.1. Factors contributing to thermokarst expansion 
 

The majority of studies that have examined rates of permafrost thaw in peatlands have used 

changes in vegetation, either through remote sensing or field measurements, as a key indicator of 

thaw (Baltzer et al., 2014; Lara et al., 2016).  Relatively few studies have examined the 

relationships between soil chemistry, texture, and vegetation, and how these relationships 

influence permafrost dynamics, particularly across forest types. In general, soils in deciduous 

forests are often less acidic than soils in coniferous forests (Falkengren-Grerup & Diekmann, 

2003).  Due to a slower nutrient cycle, coniferous forests maintain thicker organic soil layers 

(Falkengren-Grerup & Diekmann, 2003), which protect permafrost from fluctuations in 

atmospheric climate (Baltzer et al., 2014).  In addition to a thinner organic layer, birch forests also 

typically have a higher ice content than spruce forests (Lara et al., 2016). The higher ice content 

in birch forest soils are thought to make these systems more vulnerable to permafrost thaw 

(Osterkamp et al., 2000; Lara et al., 2016). Thus, the relationship between ice content and other 

physical characteristics are thought to be important drivers of thaw rates. For example, Baltzer et 

al. (2014) suggested the relationship between ice content and organic matter was influential, 

whereas others have considered the presence of ice wedges or fine grain soils (Jorgenson & 

Osterkamp, 2005; Kanevskiy et al., 2014; Farquharson et al., 2016) to be influential in determining 

rates of thaw. Jorgenson and Osterkamp (2005) found deciduous forests with fine grained mineral 

soils to be most susceptible to thaw.  

 

Building on these previous studies, my objectives were to examine the soil composition 

across the study region to determine if the birch forest soils were associated with finer grained 

soils than the spruce forest soils, thus leading to faster lateral expansion rates over time.  Averaged 

across the entire soil profile, I found that % organic matter of the permafrost soils is higher in the 

spruce forests than in the birch forests (bottom panels in Figure 6; Baltzer et al., 2014), though the 

opposite was true for ice and water content of the soils. The greater % organic matter in the spruce 

forests lead to increases in % ice and water content in soils, which could be attributed to the soil 

composition. Mineral soil composition was found to be finer in the spruce forests than in the birch 

forests, indicating a high ice content in both forest types, but a higher volume of voids in the spruce 

forest.  This suggests that the wet soils under a conifer canopy create a strong preservational 

environment that promotes peat accumulation.  Furthermore, Baltzer et al. (2014) found that spruce 

peat plateaus are typically indicative of areas with stable permafrost since spruce trees are 

intolerant of saturated conditions. However, the high ice content of permafrost in spruce forests – 

once that permafrost is disturbed – leads to a state shift and creates an environment intolerable to 

spruce forest survival and regeneration (Baltzer et al., 2014).  These results suggest that spruce 

dominated permafrost systems are resistant to disturbance, but once initiated have a low resilience 

to ecological change post-thaw. Likewise, Lara et al. (2016) found that soils under deciduous 

forests were more susceptible to thaw than soils under coniferous forests, likely due to their high 

ice content.  

 

Many studies have examined the timing of thermokarst initiation across Alaska (Yu 2012; 

Jones et al., 2013; Kanevskiy et al., 2011; Farquharson et al., 2016; and others), but they have not 

necessarily investigated variation in timing of thermokarst between major forest-types. My 
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findings suggest that thermokarst initiation began in the birch forest ~400 years prior to 

thermokarst initiation at the spruce-dominated sites. For example, at the birch forest site thaw 

initiated ~800 years before present, whereas at the spruce forest site, thaw initiated ~455 years 

before present. Thermokarst initiation dates were similar at the Nenana Farms (birch forest) and 

Eielson (mixed forest) sites, which both experienced thaw much earlier than at the Bonanza Creek 

(spruce forest) site. This reinforces earlier studies suggesting that the permafrost plateaus in spruce 

dominated forests may be more resistant to thaw than in birch or mixed forests (Lara et al., 2016).   

 

At the Eielson (mixed forest) site, the timing of thermokarst initiation followed the 

expected trend as large features thawed earlier than smaller features. However, at the Nenana 

Farms (birch) and Bonanza Creek (spruce) sites, I found that there was no consistent pattern in 

thermokarst initiation as a function of collapse-scar feature size (Figure 10). For example, at the 

birch forest, the small features thawed ~800 yr BP, and the large features thawed ~600 yr BP. 

Meanwhile, all features at the spruce site thawed roughly 500 years after the features in the birch 

forest; the small features in the spruce forest thawed ~450 yr BP, and the large features thawed 

~130 yr BP. This suggests that there are no predictable size-age relationships of collapse-scar 

features at both the birch and spruce forest sites, indicating that size cannot be used as a proxy for 

age.  Instead, the size of these thermokarst features is driven by the rate of lateral thaw, which is 

likely influenced by the physical soil characteristics. This study adds foundational knowledge to 

the current literature by exploring which physical factors influence the rate of lateral thaw in 

collapse-scar features. 

 

Farquharson et al. (2016) concluded that the three soil types most susceptible to thaw are: 

(1) Yedoma soils (i.e. ice rich silty soils that have not previously undergone thermokarst initiation), 

(2) soils that consist of high syngenetic-ice wedges that formed during the coldest part of the ice 

age, and, building on Osterkamp (2000), (3) soils that consist of high-ice content.  Based on these 

previous findings (Lara et al., 2016; Liu et al., 2015; Farquharson et al., 2016), I expected to find 

birch forest soils on the peat plateaus to be most susceptible to thaw and have the highest expansion 

rates because of the high volume of void space between frozen silt sized particles producing a high 

ice content in the soils. While my results showed no direct relationship between any of the physical 

factors (i.e. bulk density, ice content, % organic matter) and mean grain size within the collapse-

scar features, I did find that the highest lateral expansion rate was associated with a small birch 

forest collapse-scar (0.44 m y-1 over the 40-year period of thaw; NNF8 in Table 5). This expansion 

rate is similar to the findings from Lara et al. (2016), who found that birch forest plateaus decreased 

laterally by 0.5-1.0 m y-1. These fast lateral expansion rates may be caused by the high ice content 

of the soils at Nenana Farms (top panels in Figure 6; Osterkamp 2000), lower % organic matter 

(bottom panels in Figure 6; Osterkamp 2000), and fine-grained mineral soil composition (Table 2; 

Farquharson et al., 2016) of the soils at Nenana Farms.  In comparison to the birch forest sites, the 

spruce forest sites were last to begin thermokarst initiation and had slower lateral expansion rates 

during the period of thaw (0.035 m y-1, over a 400-year period; BNZ2 in Table 6). My findings 

support a previous study by Lara et al. (2016) that found spruce forests recede into wetland terrains 

at slower rates than deciduous forests.  

 

 A key result of this study is that the area of thermokarst features in general is not a suitable 

proxy for age. Other studies similarly have noted nonlinear trends in thermokarst development. 

For example, Baltzer et al. (2014) and Zoltai (1993) found that there is a rapid decrease in peat 
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plateau area initially after thaw, but eventually drier conditions in the accumulating surface peat 

allow for permafrost to re-aggrade over time. I noted a similar trend in rate of thaw over time with 

rapid initial rates of thaw (i.e. high lateral spread rates) across all collapse-scar features that 

eventually slowed and stabilized over time. These nonlinear dynamics of thermokarst initiation 

spread on the landscape likely explain why I did not find large features to be consistently older in 

their developmental history than small collapse-scar features. One possibility in the formation of 

these features is that they are produced by multiple areas of unstable ground that eventually 

coalesce (i.e. the amalgamation of “hot-spots” relative to surrounding areas of stable ground 

model; Figure 13), such as ice-wedge destabilization. For example, Douglas et al. (2011) suggested 

that thaw may preferentially occur in areas where multiple ice wedges converge or have caused 

ground destabilization and thaw due to some type of surface or shallow subsurface disturbance. In 

areas of ice wedge convergence, there may be an increase in pooled or flowing water at the surface 

which can promote thaw and aid in the formation of thermokarst collapse-scar features.  It would 

be near impossible to obtain enough point samples to fully investigate this model. Instead, in order 

to test if ice wedge destabilization is responsible for the development of collapse-scar features in 

these peat-rich landscapes, high quality fine-scaled remote sensing techniques would be needed to 

show landscape change over time.  

 

Finally, I also hypothesized that within a feature, where thaw initiates first in these 

ecosystems depends on local-scale mineral soil texture (i.e. grain size of the mineral soil 

component).  If this is true, I expected to find a trend of finer grain size at the center of each 

collapse-scar feature (where thaw initiated first) relative to the edges where new thaw is still 

occurring. This would suggest that thaw does not happen randomly on the landscape, but rather 

occurs first in soils that have finer grained mineral soil. My results supported this prediction though 

the trends in the data were extremely subtle. I found that mean grain size was finer as I sampled 

from center (older thaw) to active thaw margins to frozen peat at both the spruce and birch forest 

sites, but not at the mixed forest site. This suggests that the soils at the centre of the feature are 

finest and may be able to store more water in the void space between the grains than at the edges 

of the collapse-scar features.  Thus, areas with fine-grained soils are associated with the older more 

stabilized regions of thaw in each site that likely initiated thermokarst first, with slightly coarser 

mineral soils in the most active contemporary areas of thaw in each feature. My findings are similar 

to those from Farquharson et al. (2016) who found that soils underlain by aeolian loess or marine 

silt (which are both fine soils) were most susceptible to thermokarst initiation. Overall, my findings 

are supported by Jorgenson and Osterkamp (2005) who found that collapse-scar bogs are typically 

associated with ice-rich fine-grained soils that formed on abandoned floodplains, a trend best 

observed at the Bonanza Creek site. My results show a slight gradient in grain size of the mineral 

soil could help to explain why some regions of peat plateaus initiate thermokarst before others, 

even if the difference in timing of thaw is subtle. 

 

4.2. Fate of Permafrost Carbon 
 

O’Donnell et al. (2012) looked at the effect of syngenetic permafrost aggradation of peat 

plateaus and found that peat plateaus have slow peat accumulation rates (i.e low productivity and 

slow decomposition) with strong preservation of this stored organic matter after it is transferred 

into permafrost. Upon thaw, permafrost soils warm and this organic matter becomes susceptible 

to microbial decomposition, with the potential to emit permafrost C to the atmosphere in the form 
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of CO2 and CH4 (Turetsky et al., 2002; O’Donnell et al., 2014). However, thaw converts relatively 

dry peat plateaus into saturated collapse-scar bogs in which thawed permafrost organic matter can 

be protected from decomposition by anoxic conditions.  Thus, a major research question has 

centered on the fate of permafrost C with these forest to wetland conversions. O’Donnell et al. 

(2012) used a mass balance approach to examine changes in carbon dynamics of both the 

permafrost and newly aggraded surface C pools following thaw. Their findings suggest that 

although new peat accumulates following thaw due to the new wet environment, there are still 

substantial losses in the deep permafrost C pool that result in a net loss of C stock in the entire soil 

column (O’Donnell et al., 2012). Jones et al. (2013) showed that over the last 500 years, the new 

peat accumulation that occurs following thaw is 5-6 times greater than the boreal average. These 

results lead to two key questions addressed in my study: (1) are these trends in C stocks (loss of 

permafrost C, rapid gain of surface peat) consistent in other major peatland types in interior 

Alaska?, and (2) how long does it take for the new peat accumulation to balance any losses from 

thawing permafrost C, and does this vary across forest-types?  
 

I found all three forest-types across the study region followed the same trend of permafrost 

C losses and new peat C gains: an initial rapid loss in permafrost C stocks and gradual gain of new 

peat stocks upon thaw (Figure 12). I predicted that since spruce forests store more organic matter 

as peat than birch forests, spruce forests would experience a greater loss of permafrost C upon 

thaw.  In accordance with my predictions, I found that the spruce forest (Bonanza Creek) had the 

greatest permafrost C stock upon thaw (120 kg C m-2) and also experienced the fastest rate of 

permafrost C loss with time-following thaw. The spruce forest lost about three times more 

permafrost C compared to the birch forest and about four times more permafrost C than the mixed 

forest (Figure 12A). The permafrost C stocks were likely protected by syngenetic permafrost 

aggradation protecting these C stocks at the base of the active layer (O’Donnell et al., 2012), by 

continually incorporating them into the permafrost pool (i.e. due to low temperatures and minimal 

organic matter decay) (Osterkamp et al., 2000).  Secondly, I calculated how long new peat 

accumulation took to balance the losses from thawing permafrost C across the three forest-types. 

At the birch forest sites, I found the new peat (collapse-scar bog) accumulation rates fully 

compensated for permafrost C loss rates after ~ 700 years following thaw (Figure 12 B). In the 

mixed forest sites, new peat accumulation compensated for permafrost C losses ~250 years 

following thaw (Figure 12 C).  This compensation has not yet occurred at the spruce forest site, 

and my calculations show that it would take about 500 years for new peat accumulation to equal 

losses of the deeper C pools following thaw. My findings support the previous trends of new peat 

accumulation post-thaw (Jones et al., 2013; O’Donnell et al., 2012), and suggest that this gradual 

trend of new peat accumulation occurs across various forest-types of interior Alaska.  

 

4.3. Limitations 
 

A previous study by Lara et al. (2016) looked at lowland boreal forest land cover change 

over a 60-year period by using remote sensing techniques. They found that extensive birch forest 

losses were caused by thermokarst initiation while spruce forest gains were occurring as a result 

of forest succession (Lara et al., 2016).  More importantly, they found that birch forest cover was 

receding non-linearly over time (Lara et al., 2016). The linearity of collapse-scar expansion is not 

quantifiable in my study since I only collected two 14C dates per core (point measurements), thus 

limiting observations in change over time to two major events as opposed to the linear losses 
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observed in remote sensing studies. Additionally, collapse-scar features are remarkably stable over 

time, which may explain the slow lateral expansion rates over time in some features. However, 

findings from Morgenstern et al., (2011) indicate that thermokarst development does not occur 

uniformly within thermokarst basins, which may account for the inconsistency in lateral spread 

rates in my study sites.  

 

Additionally, it is important to note that the reliability of the radiocarbon dates are only as 

accurate as the sampled material is. For example, deep penetrating roots can affect the 14C ages 

which will ultimately give false ages on centre and edge core dates (Waddington and Roulet, 

1997). Whenever possible, I used macrofossil samples to be radiocarbon dated, however, for basal 

peat dates, I collected bulk peat samples as there was not enough material for macrofossil dating. 

It is possible that there were some rootlets in the bulk samples sent for analysis, although results 

from the Wilcoxon-Mann-Whitney analyses found no differences between bulk and macrofossil 

ages.  
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5.0. Conclusions 
 

Collapse-scar bog formation in interior Alaska varied across the three study regions due to 

variations in physical soil characteristics and forest-cover type. Thermokarst initiation occurred 

first in the birch forest soils, followed by the forests with significant spruce cover. This is likely 

due to the high ice content and low % organic matter of the birch forest soils causing these features 

to thaw and form thermokarst earlier than spruce-dominated forests. I also found that size was not 

a reliable proxy for age since radiocarbon dating indicated that the smaller collapse-scar features 

thawed at similar or earlier dates than the large features across two of the three forest-types.  While 

previous studies have shown that variation in grain size of the mineral soil can accelerate 

thermokarst formation (Farquharson et al., 2016, Liu et al., 2015, and others), the grain size across 

my study region was uniformly fine-grained. This suggests that although fine-grained soils 

increase the susceptibility of permafrost to thaw at a large scale (Jorgenson et al., 2001), variation 

in grain size did not influence the finer scale initiation of thaw within any of my individual study 

sites.   

 

I found the spruce forest to have the highest permafrost peat accumulation rates across the 

study regions, as well as the highest post-thaw LORCA rates. The slower post-thaw LORCA rates 

at both the birch and mixed forest site may be caused by the thawing of high ice content triggering 

more severe flooding and inundation at these sites. Across each of the three forest cover types, I 

found that permafrost thaw leads to large initial losses of permafrost C, equal to about a 90% loss 

of the pre-thaw permafrost C pool after just 100 years of time-following thaw. The loss of this 

ecosystem C pool is balanced by about 700 years of peat accumulation on average in birch forests, 

about 250 years in mixed forests and is projected to occur in about 50-100 years (500 years 

following thaw) in spruce forests.  
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7.0. Tables 
 

Table 1: Coordinates from centre core location and estimated area of each of the collapse-scar feature included in the study. Area (m2) was rounded to the nearest 

m; Coordinates were rounded to 5 decimal places.  

 

Collapse-Scar 

Feature 
Area 

(m2) 

Coordinates 
Location Core Type 

Total core 

length (cm) 
Bog peat (cm) 

Forest peat 

(cm) 

Mineral soil 

(cm) Northing (º) Easting (º) 

Bonanza 2 720 64.69926 -148.31949 Centre Frozen Finger 70 43 18 9 

Edge Frozen Finger 44 21 9 14 

Bonanza 3 366 64.69855 -148.31963 Centre Frozen Finger 82 48 19 15 

Edge Frozen Finger 87 51 21 15 

Bonanza 4 1698 64.69816 -148.31952 Centre Frozen Finger 71 44 15 12 

Edge Frozen Finger 70 38 12 20 

Nenana Farms 1 2240 64.76824 -147.03296 Centre Frozen Finger 100 75 15 10 

Edge Frozen Finger 77 50 11 16 

Plateau SIPRE 20 ± 10    

Nenana Farms 2 618 64.76931 -147.03200 Centre Frozen Finger 79 58 16 5 

Edge Frozen Finger 80 38 29 13 

Plateau SIPRE 70.8 ± 5.3    

Nenana Farms 3 2756 64.76996 -147.03144 Centre Frozen Finger 85 60 15 10 

Edge Frozen Finger 57 39 9 9 

Plateau SIPRE 53.4    

Nenana Farms 4 543 64.77146 -147.02910 Centre Frozen Finger 66 46 9 11 

Edge Frozen Finger 76 46 15 15 

Plateau SIPRE 34.75    
Nenana Farms 5 4323 64.77218 -147.02737 Centre Frozen Finger 66 43 16 7 

Edge Frozen Finger 87 45 10 32 

Plateau SIPRE 92.25    

Nenana Farms 6 620 64.77151 -147.02973 Centre Frozen Finger 82 66 6 10 

Edge Frozen Finger 85 53 12 20 

Plateau SIPRE 48.2 ± 9.7    

Nenana Farms 7 2562 64.77299 -147.02694 Centre Frozen Finger 59 35 9 15 

Edge Frozen Finger 71 42 17 12 

Plateau SIPRE 20 ± 10    

Nenana Farms 8 862 64.77341 -147.02463 Centre Frozen Finger 65 48 9 8 

Edge Frozen Finger 76 47 22 7 

Eielson 4 6618 64.77436 -147.02254 Centre Frozen Finger 111 18 93 - 

Edge Frozen Finger 61 37 20 4 



30 

 

Plateau SIPRE 36.9 ± 2.3    

Eielson 6 30148 64.77502 -147.02078 Centre Frozen Finger 145 105 40 - 

Edge Frozen Finger 131 60 40 31 

Plateau SIPRE 53.7    

Eielson 7 1551 64.77943 -147.01035 Centre Frozen Finger 77 53 18 6 

Edge Frozen Finger 70 48 6 16 

Plateau SIPRE 61.8 ± 6.0    

Eielson 8 5828 64.77940 -147.01300 Centre Frozen Finger 73 38 13 22 

Plateau SIPRE 114    

Eielson 9 72 74.77957 -147.01369 Centre Frozen Finger 140 70 20 20 

Edge Frozen Finger 70 48 12 10 

Plateau SIPRE 82.9 ± 47.55    
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Table 2: Summary of the grain size distribution curves by study region (Figure 8a-d). All grain size distributions fall 

within the fine-silt category (3.9-62.5 μm). Total mean grain size values were included in the grain size distribution 

curve of Figure 8a. 
 

Region Core Location (n) Mean Grain size (μm) d10 d90 

Bonanza Centre 4 42.43 ± 2.49 3.65 ± 0.55 73.82 ± 0.55 

Edge 3 42.14 ± 6.64 4.50 ± 0.69 85.86 ± 11.44 

Mean 7 42.31 ± 2.84 4.02 ± 0.43 78.98 ± 5.72 

Nenana Centre 4 46.61 ± 7.06 3.34 ± 0.34 105.21 ± 20.14 

Edge 7 58.24 ± 6.36 3.55 ± 0.19 140.31 ± 18.32 

Plateau 13 56.73 ± 5.70 3.43 ± 0.20 122.12 ± 17.67 

Mean 24 54.47 ± 3.44 3.45 ± 0.13 124.60 ± 11.33 

Eielson Centre 8 56.08 ± 5.04 3.83 ± 0.25 113.12 ± 12.79 

Edge 5 52.27 ± 4.49 3.40 ± 0.29 118.37 ± 12.21 

Plateau 3 47.29 ± 7.46 3.08 ± 1.20 61.68 ± 21.62 

Mean 16 53.24 ± 3.12 3.75 ± 0.21 108.97 ± 8.03 
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Table 3: Summary of the grain size distribution curves of large versus small collapse-scar features. All grain size 

distributions fall with thin the fine-silt category (3.9-62.5 μm).  

 

Region Area Core Location (n) Mean Grain size (μm) d10 d90 

Collapse-Scar Small Centre 7 52.74 ± 5.15 3.22 ± 0.22 103.96 ± 13.26 

Small Edge 9 58.01 ± 4.89 3.83 ± 0.32 134.60 ± 14.75 

Small Mean 16 55.53 ± 3.50 3.54 ± 0.20 120.18 ± 10.41 

Large Centre 8 47.87 ± 4.40 4.10 ± 0.23 98.68 ± 12.39 

Large Edge 6 45.56 ± 4.60 3.49 ± 0.18 103.36 ± 12.74 

Large Mean 14 46.87 ± 3.10 3.84 ± 0.17 100.68 ± 8.63 

Plateau NA Mean 14 54.71 ± 4.76 3.52 ± 0.24 119.35 ± 16.68 
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Table 4: Basal peat accumulation and thermokarst initiation dates across each study region. Basal peat initiation 

occurred earlier at the Bonanza Creek sites than at the Nenana Farms and Eielson sites (F(2, 10) = 15.7; MSE = 4.5e6; 

p<0.01). However, thermokarst initiation occurred later on average at the Bonanza Creek sites relative to the other 

two sites (F(2, 8) = 13.1, MSE = 4.5 e6, p < 0.01).  

*: Mean timing of thermokarst initiation from centre cores within the specified region. 

 

Region Basal Peat Accumulation (yr BP) Thermokarst Initiation (yr BP) 

Area of feature Small Large Small Large 

Bonanza a, b 

(Spruce Forest) 

 

BNZ2: 3550 ± 25  BNZ4: 3555 ± 35 BNZ2: 455 ± 45 BNZ4: 130 ± 35 

Nenana a 

(Birch Forest) 

 

NNF6: 1735 ± 50 NNF3: 1340 ± 190 NNF 6, 8: 805 ± 225* NNF 1, 3: 605 ± 115* 

Eielson b 

(Mixed Forest) 

 

TR9: 930 ± 70 TR 7: 2230 ± 25 TR9: 365 ± 80 TR6, 7: 417 ± 92.5* 
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Table 5: Radiocarbon dating of thermokarst initiation dates and calculation of lateral spread rates (LSR) of each 

feature. A LSR value of 0 m y-1 is denoted when the age of the centre core was younger than the edge core. Data are 

means ± 1 SE 
 

Collapsed-Scar 

Feature 
Size 

14C of 

Centre 

(yr BP) 

14C of Edge 

(yr BP) 

14C 

Difference  

Displacement 

(m) 

Lateral 

Spread 

Rate 

(m/yr) 

Lateral 

Spread 

Rate 

(cm/yr) 

Bonanza 2 Small 455 ± 45 50 ± 0 405 ± 203 14.3 0.0352 3.52 e -04 

Bonanza 4 Large 130 ± 35 125 ± 25 5 ± 3 19.2 3.85 3.85 e -02 

Nenana 1 Large 490 ± 50 510 ± 35 20 ± 10 15.6 0 0 

Nenana 3 Large 800 ± 40 810 ± 70 10 ± 5 23.4 0 0 

Nenana 6 Small 875 ± 30 50 ± 0 825 ± 413 19.4 0.0236 2.36 e -04 

Nenana 8 Small 550 ± 60 510 ± 80 40 ± 20 17.5 0.438 4.38 e -03 

Eielson 6 Large 325 ± 30 550 ± 25 225 ± 113 28.5 0 0 

Eielson 7 Large 510 ± 30 365 ± 30 145 ± 73 7.7 0.0532 5.32 e -04 

Eielson 9 Small 365 ± 25 80 ± 20 285 ± 143 3.8 0.0133 1.33 e -04 
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8.0 Figures 
 

 
 

Figure 1: Conceptual diagram of permafrost characteristics in the continuous, discontinuous and sporadic 

permafrost zones. The study region of this research is located within the discontinuous permafrost region. 
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Figure 2: Conceptual diagram of collapse-scar bog formation over time.  
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Figure 3: Field site locations near Fairbanks, Alaska. From left to right: Nenana Farms, Bonanza, Eielson.  
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Figure 4: Site-level visual of select field sites: A) APEX, Bonanza, spruce forest; B) Nenana Farms, birch forest; C) 

Eielson, mixed forest. 

A 
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Figure 5: Diagram of a frozen finger core collected at the birch-dominated site (Nenana Farms). Note the grey silt 

(mineral soil) at the base of the core. Over time, forest peat (primarily Picea and Sphagnum species) accumulated on 

top of the mineral soil. A thaw event denotes the transition between forest peat and bog peat (primarily Sphagnum and 

Carex species), which is evident as the finer orange material immediately above the mineral soil compared to the more 

fibrous brown material above it.  

T
im

e
 

 
 
 
New (Bog) Peat 
 

(Post-Thaw) 
 
 
 

Permafrost 
(Forest) Peat 
 

(Pre-thaw) 
 
 
 
 
 

Mineral Soil 

Thaw event 
(forest to wetland 

vegetation transition) 

Basal peat initiation 
(mineral to organic transition) 



40 

 

 
 

Figure 6: Bulk density (top panels) and organic matter concentrations (bottom panels) by depth for Bonanza (B2-4), Nenena (N1-5), and Eielson (E4-7) features. 
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Figure 7: Relationship between soil ice (denoted in grey) or water (denoted in blue) content and % organic matter for 

A) Bonanza; B) Nenana Farms; C) Eielson features.
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Figure 8: Relationship between the mean grain size (logarithmic), and the percent volume of material found at each 

size averaged by A) study region; B) edge versus centre sampling locations at Bonanza sites; C) edge, centre, versus 

plateau sampling locations at Nenana Farms sites; D) edge, centre, versus plateau sampling locations at Eielson sites.  
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Figure 9: Relationship between displacement (m) and the difference in thermokarst initiation dates between centre 

and edge cores (years) across A) study regions, and B) large versus small features.

0

5

10

15

20

25

30

35

40

45

0 200 400 600

D
is

p
la

c
e

m
e

n
t 
(m

)

Difference in time

Beta

Nenana

Eielson

0 200 400 600

since thaw (years BP)

Small

Large

A) B) 

Bonanza 
 

Nenana Farms 
 

Eielson 



44 

 

 
 

Figure 10: Relationship between the lateral spread rate (m y-1) and the difference in time since thaw (thermokarst 

initiation; yr BP) from passive (centre) to the active thaw margins (edge). Absolute values of the rates were used in 

the case of a negative lateral spread rate. 
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Figure 11: Long-term (apparent) carbon accumulation rates (LORCA; g C m-2 y-1) as a function of peat age. Open 

symbols represent new peat accumulation data and closed symbols represent permafrost C data. Grey represents data 

from the Bonanza sites, blue symbols are from the Nenana sites, and the red symbols are from the Eielson sites. 
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Figure 12: Loss of permafrost carbon and gain of post-thaw thermokarst peat carbon with time-following-thaw at the 

Bonanza Cree, Nenana Farms, and Eielson sites.
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Figure 13: Conceptual models representing of alternative hypotheses for size-age relationships of collapse-scar 

features. Core collection locations are denoted by “X”. A) If size is a proxy for age, then large features will be older 

than small features if they initiated thaw from their centres first (centre cores). This was only true at the mixed forest 

site. B) If size is not a strong proxy for age, then the rate the features expanded laterally would determine their size. 

For example, large features would have thawed faster than small features. C) A third plausible scenario is that thaw 

occurred at different times within a feature due to ice-wedge destabilization (i.e. the blue circles). For example, the 

smaller features are likely the beginning of this destabilization process as multiple ice wedges converge, whereas the 

large features may experience multiple areas of destabilization within a feature. This could mean that by point 

sampling, I may have selected areas that are more unstable than areas adjacent to it, and depending on the size of the 

feature, resulting in the same timing of thaw from centre to edge of feature. 
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Appendix – 1 – Supplementary Tables and Figures 
 
Table 6: Summary of basal peat accumulation dates, thermokarst initiation, cumulative permafrost (pre-thaw) C stocks 

(kg C m-2) and cumulative new (post-thaw) C stocks (kg C m-2). Forested plateaus have a cumulative post-thaw C 

stock of 0.00 kg C/m2 since these plateaus are stable and have not yet thawed. Abbreviations: C: centre; E: edge; S: 

feature <1000m2; L: feature >1000m2; NA: No area specified for peat plateaus. 

*: values collected from Jones et al (2013) and used as assumptions to fill missing SIPRE core data at the APEX sites.  

 

Core ID 
Feature 

size 

Peat initiation 

(yr BP) 

Timing of Thaw 

(yr BP) 

Cumulative 

Permafrost C Stock 

(kg C/m2) 

Cumulative New 

Peat C Stock 

(kg C/m2) 

Bonanza, plateau* NA 2200* Frozen 120.3* 0.00 

Bonanza, thaw C Small 3550 ± 25 455 ± 45 21.4 9.66 

Bonanza, thaw E Small 2365 ± 45 50 ± 0 23.5 13.5 

Bonanza, plateau* NA 2200* Frozen 120.3* 0.00 

Bonanza, thaw C Large 3555 ± 35 130 ± 35 22.7 11.9 

Bonanza, thaw E Large 3360 ± 50 125 ± 25 23.1 15.8 

Nenana, plateau NA 615 ± 105  Frozen 29.2 0.00 

Nenana, thaw C Large 720 ± 40 490 ± 50 27.7 25.8 

Nenana, thaw E Large 510 ± 35 490 ± 50 12.7 10.1 

Nenana, plateau NA 1340 ± 190 Frozen 44.8 0.00 

Nenana, thaw C Large 1340 ± 190 800 ± 40 29.2 19.0 

Nenana, thaw E Large 1340 ± 190 810 ± 70 23.2 18.2 

Nenana, thaw E Large 1340 ± 190 1900 ±45 36.2 24.1 

Nenana, plateau NA 1575 ± 160 Frozen 20.0 0.00 

Nenana, thaw C Small 1735 ± 50 1060 ± 35 17.6 11.2 

Nenana, thaw E Small 1415 ± 40 50 ± 0 17.7 11.6 

Nenana, plateau NA 1575 ± 160 Frozen 20.0 0.00 

Nenana, thaw C Small 1575 ± 160 550 ± 80 11.1 16.6 

Nenana, thaw E Small 1575 ± 160 510 ± 80 8.16 12.7 

Eielson, plateau NA 1015 ± 35 Frozen 8.16 0.00 

Eielson, thaw, E Large 1015 ± 35 200 ± 30 11.4 7.1 

Eielson, plateau NA 1548 ± 358 Frozen 22.6 0.00 

Eielson, thaw, E Large 1548 ± 358 550 ± 25 11.7 10.7 

Eielson, plateau NA 1815 ± 415 Frozen 21.4 0.00 

Eielson, thaw, C Large 2230 ± 25 510 ± 30 25.0 20.8 

Eielson, thaw, E Large 1400 ± 25 365 ± 25 18.9 11.4 

Eielson, plateau NA 930 ± 70 Frozen 42.2 0.00 

Eielson, thaw, C Small 930 ± 70 365 ± 25 36.9 28.8 

Eielson, thaw, E Small 930 ± 70 80 ± 20 5.76 14.5 
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Table 7: Summary of LORCA values with associated cumulative C stocks and 14C dates that correspond to the 

visual representation in Figure 12. Abbreviations: Pre = permafrost (forest) peat; Post = new (bog) peat; Small = 

feature <1000m2; Large = feature >1000m2.  

 

Region Feature 
Core 

Location 

Peat 

type 

Area 

(m2) 

Cumulative C Stock 

(g C m-2) 

14C date 

(yr BP) 

LORCA 

(m y-1) 

Bonanza 2 Centre Post Small 9,656.92 455 ± 45 21.22 

Bonanza 4 Centre Post Large 11,921.93 130 ± 35 91.71 

Bonanza 2 Centre Pre Small 21,365.54 3550 ± 25 6.02 

Bonanza 4 Centre Pre Large 22,719.61 3555 ± 35 6.39 

Bonanza 2 Edge Post Small 13,446.87 50 ± 0 253.71 

Bonanza 4 Edge Post Large 15,796.23 125 ± 25 126.37 

Bonanza 2 Edge Pre Small 23,494.46 2365 ± 45 9.93 

Bonanza 4 Edge Pre Large 23,083.79 3360 ± 50 6.87 

Bonanza  Total     65.3 ± 31.4 

Nenana Farms 1 Centre Post Large 25,811.85 490 ± 50 52.68 

Nenana Farms 3 Centre Post Large 19,020.50 800 ± 40 23.78 

Nenana Farms 6 Centre Post Small 7,961.98 875 ± 30 9.10 

Nenana Farms 1 Centre Pre Large 27,733.83 720 ± 40 38.52 

Nenana Farms 3 Centre Pre Large 29,184.91 1340 ± 190 21.78 

Nenana Farms 6 Centre Pre Small 11,217.91 1060 ± 35 10.58 

Nenana Farms 6 Centre Pre Small 17,586.09 1735 ± 50 10.14 

Nenana Farms 8 Centre Pre Small 16,598.94 550 ± 80 30.18 

Nenana Farms 1 Edge Post Large 12,698.89 510 ± 80 24.90 

Nenana Farms 6 Edge Post Small 11,635.66 50 ± 0 219.54 

Nenana Farms 8 Edge Post Small 12,703.04 510 ± 80 24.91 

Nenana Farms 3 Edge Pre Large 18,158.97 810 ± 70 22.42 

Nenana Farms 3 Edge Pre Large 24,144.38 1900 ±45 12.71 

Nenana Farms 6 Edge Pre Small 17,707.58 1415 ± 40 12.51 

Nenana Farms  Total     36.7 ± 14.4 

Eielson 7 Centre Post Small 20,759.34 510 ± 30 40.70 

Eielson 9 Centre Post Small 28,751.17 365 ± 25 78.77 

Eielson 6 Centre Post Large 17,445.70 325 ± 30 53.68 

Eielson 7 Centre Pre Small 25,040.14 2230 ± 25 11.23 

Eielson 9 Centre Pre Small 36,896.80 930 ± 70 39.67 

Eielson 7 Edge Post Small 11,355.86 365 ± 25 31.11 

Eielson 9 Edge Post Small 14,497.09 80 ± 20 181.21 

Eielson 4 Edge Post Large 7,092.91 200 ± 30 35.46 

Eielson 7 Edge Pre Small 18,860.62 1400 ± 25 13.47 

Eielson 4 Edge Pre Large 11,383.48 1015 ± 35 11.22 

Eielson 6 Edge Pre Large 10,670.28 550 ± 25 19.40 

Eielson  Total     46.9 ± 14.8 
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Table A1: Summary of raw radiocarbon results from the Carbon, Water & Soils Research Lab in Houghton, Michigan. Abbreviations: B = Bulk sample; F = fossil 

sample such as needles, cones, spruce seeds, feather moss, etc; S = Sphagnum leaves 

 
D-AMS 

# 

Graphite 

ID 

Sample 

Name 

Fraction 

Modern 
± 

Δ14C 

(‰) 
± 

14 C age 

(BP) 
± 

Depth 

(cm) 

Peat 

Type 

Bulk Density 

(g/cm3) 

Sample 

Type 

24015 HGL5212 BB2C1 0.6428 0.0020 -362.4 2.0 3550 25 13-16 Basal 0.9392 B 

24016 HGL5213 BB2C3 0.9449 0.0048 -62.8 4.8 455 45 37-40 Forest 0.0982 F 

24017 HGL5214 BB2E1 0.7452 0.0038 -260.8 3.8 2365 45 0-4 Basal 0.995 B 

24018 HGL5215 BB2E3 1.1894 0.0026 179.8 2.6 >modern  16-19 Forest 0.1352 S 

24019 HGL5216 BB4C3 0.9837 0.0039 -24.3 3.9 130 35 30-35 Forest 0.0835 S 

24020 HGL5217 BB4C4 0.6426 0.0024 -362.6 2.4 3555 35 6-9 Basal 0.9101 B 

24021 HGL5218 BB4E1 0.6584 0.0037 -346.9 3.7 3360 50 12-17 Basal 0.9826 B 

24022 HGL5219 BB4E2 0.9848 0.0028 -23.2 2.8 125 25 29-32 Forest 0.1101 F 

24023 HGL5221 NNF1C3 0.9408 0.0053 -66.8 5.3 490 50 81-84 Forest 0.1185 F 

24024 HGL5222 NNF1C4 0.9142 0.0041 -93.2 4.1 720 40 87-90 Basal 1.8122 F 

24025 HGL5225 NNF1E3 0.9383 0.0039 -69.3 3.9 510 35 20-23 Basal 0.0783 B 

24026 HGL5227 NNF3C1 0.9051 0.0045 -102.2 4.5 800 40 63-66 Forest 0.1415 F 

24028 HGL5233 NNF3OE5 0.9037 0.0078 -103.6 7.8 810 70 46-49 Forest 0.3886 F 

24029 HGL5236 NNF3YE8 0.7892 0.0044 -217.2 4.4 1900 45 8-11 Forest 0.2057 F 

24030 HGL5237 NNF6C1 0.8762 0.0036 -130.9 3.6 1060 35 13-10 Forest 0.1007 F 

24031 HGL5238 NNF6C2 0.8969 0.0028 -110.4 2.8 875 30 18-15 Forest 0.0035 S 

24032 HGL5240 NNF6C4 0.8057 0.0048 -200.8 4.8 1735 50 4-0 Basal 0.585 B 

24033 HGL5241 NNF6E1 1.0081 0.0050 -0.1 5.0 modern  10-8 Forest 0.2216 F 

24034 HGL5242 NNF6E3 0.8383 0.0039 -168.5 3.9 1415 40 22-19 Basal 0.1611 F 

24035 HGL5243 NNF8C1 0.9335 0.0062 -74.1 6.2 550 60 14-17 Forest 0.2934 S 

24036 HGL5245 NNF8E3 0.9385 0.0086 -69.1 8.6 510 80 34-39 Forest 0.1512 F 

24037 HGL5247 TR7C1 0.9385 0.0035 -69.1 3.5 510 30 123-126 Basal 0.0432 S 

24038 HGL5248 TR7C2 0.7576 0.0021 -248.5 2.1 2230 25 144-147 Basal 0.6551 B 

24039 HGL5249 TR7E1 0.9554 0.0033 -52.3 3.3 365 30 120-125 Basal 0.0868 S 

24040 HGL5250 TR7E2 0.8402 0.0021 -166.6 2.1 1400 25 134-142 Basal 0.2723 B 

24041 HGL5252 TRBC2 0.9554 0.0027 -52.3 2.7 365 25 70-65 Forest 0.1406 S 

24042 HGL5253 TRBC3 0.8904 0.0067 -116.8 6.7 930 70 90-88 Basal 0.6681 F 

24043 HGL5254 TRBE1 0.9900 0.0022 -18.0 2.2 80 20 48-55 Forest 0.1494 F 

24044 HGL5256 TR4E-R2 0.9757 0.0035 -32.2 3.5 200 30 150-155 Forest 0.0729 F 
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24045 HGL5258 TR6C-R6 0.9606 0.0030 -47.2 3.0 325 30 140-145 Forest 0.023 F 

24046 HGL5259 TR6E-R8 0.1203 0.0009 -880.7 0.9 17010 70 35-66 Basal 0.3617 B 

24049 HGL5266 TR4E-R3 0.8811 0.0037 -126.0 3.7 1015 35 160-164 Basal 0.3801 B 

24050 HGL5268 TR6E-R7 0.9338 0.0025 -73.8 2.5 550 25 170-175 Forest 0.0012 F 
             

This sample was small and did not run well, and therefore has a large error. 

24027 HGL5230 NNF3C4 0.8468 0.0190 -160.1 19 1340 190 81-85 W 0.8717 F 
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Table A2: This table provides the total length of aquatic peat, woody peat and the full core length collected at each 

location within each feature at each study site. Abbreviations: Bonanza = BNZ; Nenana Farms = NNF; Eielson = TR; 

C = Centre, passive thaw margin; E = Edge, active thaw margin; P = Plateau, permafrost still present; FF = frozen 

finger core; S = SIPRE core. 

Core ID  Total thickness (cm) Aquatic peat (cm) Woody peat (cm) Mineral soil (cm) 

BNZ2C FF 67 46 15 6 

BNZ2E FF 36 17 9 10 

BNZ3C FF 72 48 15 9 

BNZ3E FF 84 54 18 12 

BNZ4C FF 69 42 15 12 

BNZ4E FF 70 38 12 20 

NNF1C FF 95 78 12 5 

NNF1E FF 70 50 11 9 

NNF1P S 41.5 9 14 18 

NNF2C FF 78 58 16 4 

NNF2E FF 80 38 29 13 

NNF2P S 73.5 5.5 10.5 57.5 

NNF2P S 76 12 20.75 43.25 

NNF3C FF 85 63 15 7 

NNF3OE FF 58 39 10 9 

NNF3P S 52.5 9.5 14.9 47.1 

NNF3YE FF 63 46 9 8 

NNF4E FF 78 48 15 15 

NNF4P S 33 7.75 6 19.25 

NNF5C FF 67 43 17 7 

NNF5E FF 73 47 10 16 

NNF5P S 44 5 5 34 

NNF5P S 48.25 - 5 43.25 

NNF6C FF 79 64 5 10 

NNF6E FF 83 55 12 16 

NNF6P S 41.4 10 31.5 - 

NNF6P S 34 9.75 6 18.25 

NNF6P S 79.5 85 5 66 

NNF7C FF 61 38 9 14 

NNF7E FF 70 42 16 12 

NNF8C FF 66 49 6 11 

NNF8E FF 76 47 22 7 

TR4C FF 111 18 93 - 

TR4E FF 61 37 20 4 

TR4P S 31.9 11.5 12 7.6 

TR4P S 33.9 13.5 20.4 - 
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TR4P S 41.8 13.1 6.1 22.6 

TR5P S 44.1 16.3 4.5 21.3 

TR5P S 34.8 3.9 8.3 21.8 

TR5P S 42.6 - 7.3 35.3 

TR6C FF 145 105 40 - 

TR6E FF 119 60 40 19 

TR6P S 42.3 5.7 - 36.6 

TR6P S 48.7 7.5 12.5 28.7 

TR6P S 35 8.8 20.4 5.8 

TR6P S 66.2 6.4 6.8 53 

TR6P S 67 19.6 5.6 41.8 

TR6P S 62 - - 62 

TR7C FF 72 51 15 6 

TR7E FF 62 50 4 8 

TR7P S 61.5 9 12.5 39.5 

TR7P S 69.5 26.5 25 18 

TR7P S 43.75 16.75 27 - 

TR7P S 135.5 10.75 9.5 115.25 

TR8C FF 73 28 23 22 

TR8P S 64 8.5 11.5 44 

TR8P S 33.95 12.75 18 3.9 

TR8P S 240.9 4.9 10 226 

TR9C FF 100 65 18 17 

TR9E FF 66 48 13 5 
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Appendix – 2 – Results of Statistical Analyses  
 

3.1. Peat core organic matter chemistry and grain size analysis  
With table 3 and figure 10 

 

Table A3.: Summary of ANOVA results for the first grain size model using only categorical variables to predict the 

variability in grain size across study regions. 

Model 1: Mean Grain size ~ Region + Area + Core Location 

 

Response Variable Predictor Variable df p-value Mean Sq F- value Sum Sq 

Mean Grain size (µm) 

Model 29  185.5  5380 

Region 2 0.0996 463.9 2.50 928 

Area 1 0.1170 429.1 2.31 858 

Core Location 2 0.2820 223.0 1.20 223 

 

 
 Table A4.: Summary of simple linear regression model results for the second grain size model using only 

continuous variables to predict the variability in grain size across study regions. 

Model 2: Mean Grain size ~ Bulk Density + Organic Matter Content + Ice Content + Depcore 

 

Response Variable Predictor Variable df p-value F- value Residual df R2 

 Model 4 0.5058 0.8491 29 -0.01863 

    t-value   

Mean Grain size 

(µm) 

Bulk Density  0.683 -0.413   

Organic Matter Content  0.717 0.366   

Ice Content  0.454 0.759   

DepCore  0.165 -1.425   

 

3.2. Thermokarst initiation and LSR 

 
Table A5.: Summary of ANOVA results predicting the variation in timing of thermokarst based on the following 

categorical variables: study region, area of collapsed-scar feature, core location.  

Model: C14 Age ~ Region + Area + Core Location  

 

Response variable Predictor Variable df pvalue Mean Sq F value Residual df 

Radiocarbon Age (yr BP) 

Region 2 0.00301 4.48E+06 13.07 

8 Area 1 0.86 1.16E+04 0.03 

Core Location 1 0.60 1.03E+05 0.30 

Tukey multiple comparisons of means 95% family-wise confidence level (DJK Oct 25.RScript) 

     p-value  

NNF-BB  0.0047244 

TR-BB   0.0058605 

TR-NNF    0.9971503 
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3.3. Controls on C stocks 

Pre thaw – PEC figure Tukey HSD 

 
Table A6.: Summary of the results from the ANOVA model comparing region, area and core location to pre-thaw 

(woody) cumulative C stocks. Discrete variables included: Region (the three study sites: Bonanza, Nenana Farms, and 

Eielson); Area (small and large features, < or > 1000m2); and core location active vs passive thermokarst margins 

(edge vs. centre cores).  

Model 1: Woody Peat Cumulative Stocks ~ Region + Area + Core location 

 

Response variable Predictor Variable df p-value Mean Sq F-value Residual df 

PRE Cumulative C stocks (gC/m2) 

Region 2 0.236 4.17E+08 1.49 

52 Area 2 0.0000218 3.72E+09 13.29 

Core Location 1 0.993 2.35E+04 0.00 

 
Table A7.: Summary of the results from the ANOVA model comparing region, area and core location to pre-thaw 

(forest) cumulative C stocks. Discrete variables included: core location active vs passive thermokarst margins (edge 

vs. centre cores).  

Model 1: Forest Peat Cumulative Stocks ~ Core location 

 

Response variable Predictor Variable df p-value Mean Sq F-value Residual df 

PRE Cumulative C stocks (gC m-2) Core Location 2 0.000194 3.054e09 10.03 55 

Tukey HSD multiple comparisons of means 95% family-wise confidence level for “Core Location” 

     p-value 

Edge-Centre     0.9866228 

Plateau-Centre      0.0012290 

Plateau-Edge     0.0016790 

 

Post-thaw 
Table A8.: Summary of the results from the ANOVA model comparing region, area and core location to post-thaw 

(aquatic) cumulative C stocks. Discrete variables included: Region (the three study sites: Bonanza, Nenana Farms, 

and Eielson); Area (small and large features, < or > 1000m2); and core location active vs passive thermokarst margins 

(edge vs. centre cores).  

Model 1: Aquatic Peat Cumulative Stocks ~ Region + Area + Core location 

 

Response variable Predictor Variable df p-value Mean Sq F-value Residual df 

P
O

S
T

 

C
u
m

u
la

ti
v
e 

C
 s

to
ck

s 

(g
C

/m
2
) Region 2 0.758 11018792 0.28 

26 Area 1 0.666 7475650 0.19 

Core Location 1 0.68 6832834 0.17 

 

Table A9: Summary of the results from the ANOVA model comparing region, area and core location to pre-thaw 

(forest) cumulative C stocks. Discrete variables included: core location active vs passive thermokarst margins (edge 

vs. centre cores).  

Model 1: Forest Peat Cumulative Stocks ~ Area 

 

Response variable Predictor Variable df p-value Mean Sq F-value Residual df 

PRE Cumulative C stocks (gC m-2) Area 2 0.000187 3.063e09 10.07 55 

Tukey multiple comparisons of means 95% family-wise confidence level for “Areacat” 

p-value 

plateau-large           0.0009442 
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small-large               0.9522796 

small-plateau           0.0021189 

 

3.3.2. Physical soil Characteristics on C stocks 

 
Pre-thaw C stocks 

Table A10.: Summary of the results from the simple linear regression model comparing continuous variables (ice 

content, mean grain size, depth) to pre-thaw cumulative C stocks (g C m-2). The continuous variables are ice content 

(wet weight of peat divided by dry weight of peat times 100, to obtain a %); mean grain size (values obtained from 

the LS 13 320 instrument, measured in µm); and ‘Depcore’ (depth intervals of the peat column from frozen finger 

and SIPRE cores, measured in cm).  

Model 2: Woody Peat Cumulative Stocks ~ Ice Content + Mean grain size + Depth increments 

 

Response variable Predictor Variable df p-value F-value Residual df R2 

PRE Cumulative C 

stocks (gC/m2) 

Ice Content 

3 

4.63E-03 

4.00 14 3.46E-01 Mean Grain size 0.16 

Depcore 0.18 
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Appendix – 3 – Methodology  
 

Field Methods 

1. Surveying 

 

To determine which collapsed-scar features to include in the study, we used remote imaging 

techniques by monitoring a time-series of air photos over a 50-year period. The selected features 

range in size from 72m2 to >30 000m2 (Table 1 – area of each feature). Sampling a range of feature 

area will help to capture any variation in C-accumulation rates of the collapsed-scar bogs due to 

size.  

 

To measure the current area and the total ground subsidence of each feature, we surveyed the 

perimeter, then surveyed a transect from the adjacent peat plateaus through the collapsed features. 

We used a LEICO Total Station (TS-09) to measure the area from a fixed location at each feature.  

The 2-dimensional horizontal (x, y) location of the features edges was measured by collecting GPS 

points around the perimeter of the features. These points were inputted into Google Earth Pro 

(2016), where the area of each polygon was calculated by using the formula for area of an oval 

(A= ½*pi*r2). To collect changes in elevation (z), or the 3-dimension, from the top of the peat 

plateaus to the lowest point of the thawed features, we collected points along two transects, 

perpendicular to each other, that traversed the centre of each feature. Any major change in 

vegetation, open water “moat” and/or active thaw margins were noted and used for qualitative site 

descriptions. 

 

2. Frozen Finger collection 

 

To collect the material within the thawed collapsed scar features that were saturated with water, 

we used a novel sampling approach called “frozen finger” sampling. This sampling approach was 

developed in order to collect a full peat core from water table surface to the mineral soil component 

of the profile in the supersaturated conditions of the collapsed-scar bogs.  We placed a 2m long, 

10cm diameter, hollow aluminum rod, erect, into the centre and edge of the thaw features, pushing 

the submerged tip down to mineral soil to ensure a full peat profile would be collected. The tube 

was then filled with a slurry of 2:1 ethanol to dry ice (CO2) to the water surface. Once an ice ring 

formed at the surface around the tube (~10 minutes), we pulled the tube out (using oven mitts to 

hold the frozen handle), pouring the remaining slurry into a spare bucket and keeping the peat 

profile bulb out of the surface water in the bogs. The frozen core was sectioned into 3-5cm 

increments in the field noting any major transitional boundaries, and stored in coolers until they 

were transferred to the freezers at the Cold Regions Research and Engineering Laboratory 

(CRREL) in Fairbanks, AK, for further processing. Any cores that did not represent the full soil 

profile were discarded in the field and excluded from the study.  

 

Two cores were collected using the frozen finger sampling method from each of the collapsed 

scar features; one from the past thaw margins (centre) and one from the actively thawing margin 

(edge). Hereafter, the cores will be referred to as centre and edge cores representing passive and 

active thaw margins, respectively. A total of 6 cores were collected at the Beta site at Bonanza 
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Creek, 17 cores were collected at Nenana Farms and 17 cores from the Eielson Airforce Base sites 

(Table 1 – coordinates of cores and total length of cores). 

 

3. Snow Ice Permafrost Research Establishment (SIPRE) cores 

 

The material from the frozen permafrost peat plateaus was collected using a gas operated 

hollowed out 8cm diameter ice auger, known as a SIPRE corer. Three replicates from permafrost 

plateaus located between sampled collapsed-scar features were collected. SIPRE cores were 

collected down to mineral soil, or further until there was minimal humic material present at depth. 

Cores were wrapped in parchment paper or placed on halved PVC pipes then wrapped in plastic 

wrap, placed into coolers until they were stored in freezers at CRREL until further processing.  

 

Analytical methods 

1. Bulk density 

a. Frozen Fingers 

 

The best way to measure the structural support of soil is by calculating the bulk density of 

the soil (Singer and Muuns, 2006). Bulk density is a measure of the total mass of material within 

a known volume, including void spaces. Void spaces can be filled with either air or water, whereas 

the filled spaces are generally occupied by soil or rock, or in the case of permafrost soils, ice. Bulk 

density is a measure of the soils structural integrity in situ. This is best measured directly from the 

field.  Each of the collected cores were processed separately where each 3cm increment was 

processed for bulk density individually. To retain accurate bulk density measurements, the samples 

needed to remain frozen throughout the process to ensure that the structural integrity of the soil 

from the field remained intact. Due to the curved nature of the 3cm depth-increments (from being 

wrapped around the metal corer), non-traditional sampling methods were used. Two small 

subsamples (~1cm3) were carved out using a Dremel tool, weighed (on a 0.0001g scale) and left 

to air dry to obtain a final dry weight. To obtain the bulk density measurement for each sample, 

the dry mass (g) of the material was divided by the volume (cm3) of the subsample using the 

following equation (Equation 1): 

 

Equation 1: 

Bulk Density (g/cm3) = Total dry mass of sample (g) / Volume (cm3) 

 

This equation was used on each individual subsample since peat thickness varied down 

core due to the amount of material adhered to the corer. This allowed for bulk density 

measurements from the entire soil profile could be extrapolated down core.  

 

From the bulk density calculations, is it possible to calculate the moisture content of the 

peat soils. The moisture content is useful to understand how saturated the soils are and how this 

measure changes with depth in the soil profile. Depth increments with greater moisture content 

may have a higher volume of voids that can be filled with air, water or ice; conversely, areas with 

lower moisture content may have a lower volume of voids that is filled with mineral grains.  

Moisture content of each of the soils was calculated using the following equation (Equation 2): 

 

Equation 2:  
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Moisture content (%) = [total dry mass (g) / (total wet mass (g) – total dry mass (g))] * 100 

 

The remaining bulk samples not used for bulk density analysis were kept frozen and 

shipped back to the Ecosystems Analysis Lab at the University of Guelph, Canada, for further 

processing. 

 

b. SIPRE cores 

 

The SIPRE cores were shipped frozen from CRREL to the University of Guelph 

(Ecosystems Analysis Lab, Integrative Biology Department) for processing. Samples were cut 

using a hand saw into ~5cm increments, noting any major transitions within the core, and adjusting 

to larger or smaller increments to avoid breaking up transitional units. Samples were weighed wet, 

then air dried until a constant weight was observed. Bulk density values were calculated by 

dividing the total dry mass of the sample (g) by the volume (cm3) following Equation 3. 

 

Equation 3: 

Bulk Density (g/cm3) = Total dry mass of sample (g) / Volume (cm3) 

 

Where: Volume (cm3) = pi * r2 (cm2) * h (cm2) 

 

Equation 3 uses the volume of a cylinder to measure the volume of the sample in SIPRE 

cores since the volume of the corer is known and consistent for all cores.  

 

2. LOI – muffle furnace method 

 

The loss on ignition (LOI) method is the preferred method to determine the amount of 

organic matter present in soil. It provides an accurate organic matter estimate by combusting the 

sample at a high temperature over several hours. Mineral soils with as little as 5% organic matter 

are more productive than soils with less organic matter; soils with over 17% organic matter are 

considered to be entirely organic (Goodfellow, 2013). LOI is a typical semi-quantitative method 

to estimate C-storage in organic soils without the need for complicated laboratory analysis (Bao et 

al., 2015). Once the dry mass value after combustion (ash) is obtained, this value can be multiplied 

by 0.58 (Yu et al., 2015; Bao et al., 2015) to achieve an estimate of C in the soil sample.  

 

The second subsample from the bulk density measurements was used for LOI. I followed 

the standard LOI procedure following Chambers et al. (2011). Samples were placed into ceramic 

crucibles, weighed then oven dried at 65°C for 24 hours. Dry weights were recorded, then placed 

into a muffle furnace for 4.5 hours at 550°C. Samples were removed after a 5-hour cooling period 

and placed into a desiccator to remove any residual moisture from the samples. Samples were then 

weighed to obtain an ash weight. LOI calculations were calculated following Equation 4. Bulk 

density of ash was calculated following Equation 5.  

 

Equation 4: 

Loss on ignition = ((Oven dry 65°C (g) – Ash weight (g)) / Oven dry 65°C (g)) * 100 

 

Equation 5:  
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Bulk Density of Ash = Ash weight (g) * Bulk Density (g/cm3)  

 

Studies have shown that just over half of the organic material present in soil is C (Yu et al., 

2012; Bao et al., 2015). In order to confirm this in my dataset, I selected a subsample of material 

to be tested for C:N analysis using a LECO elemental analyzer. The C% values collected from the 

LECO were plotted against the estimated C% values calculated form LOI analysis. The 

relationship between the observed and estimated values is linear (R2 = 0.74, 0.91), therefore, initial 

C stock estimates for samples not run on the LECO were calculated using Equation 6, following 

Yu et al (2012) and Bao et al (2015).  

 

Equation 6: 

C Stock Estimate (%) = LOI (%) * 0.58 

 

Where: 0.58 is the theoretical value used to estimate the amount of C found in soil (Yu et al., 2012; 

Chambers et al., 2011; Bao et al., 2015).  

 

Therefore, the estimated LOI values for the samples not run on the elemental analyzer will 

be included in the statistical analysis and annual C accumulation rate calculations. This estimate 

was used to estimate initial/(anticipated) results and determine major transitions from “old” woody 

peat to “new” aquatic peat vegetation. These transitions helped to determine which samples would 

be used for the next stages of analysis.  

 

3. C:N on LECO 

 

To determine an observed value of %C in my samples to be compared to the estimated 

values, I selected 2 samples per transition layer (mineral, woody peat transition, aquatic peat 

transition) from a subset of frozen finger cores. These two samples were selected by taking the 

sample that had the mean LOI (%) and C stock estimate (%) values from the transition and the 

next closest sample. A total of 175 samples were selected to be processed in the Van Eerd lab at 

the University of Guelph, Ridgetown Campus, using a LECO elemental analyzer. For mineral soil, 

0.0150g ± 0.0050g of sample and 0.0100g ± 0.0050g of organic sample were carefully placed into 

a tinfoil cup, then combusted at 950°C for 180 seconds. The LECO provided both C and N values 

as a percent (%) and N values as mg/sample. A tobacco standard (PN#502-082; C: 47.27 ± 0.23%; 

N:  2.48 ± 0.04%; S: 0.46 ± 0.04%) was used as a check every 15 samples.  

 

To determine the amount of C still available in the soils, I calculated the C stock by 

following Equation 7, then the cumulative C stock by using Equation 8. 

 

Equation 7: 

C Stock (kg C m-1) = Bulk Density (kg/m3) * Carbon * Depth (m) 

 

Where: 

Bulk Density (kg/m3) = Measured Bulk Density value in (g/cm3) * 1,000 

Carbon = Measured C value (%) / 100 

Depth (m) = Individual depth increment (cm) / 100 
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Equation 8: 

Cumulative C Stock (kg C m-1) = ∑ (Bulk Density (kg/m3) * Carbon * Depth (m)) 

 

Where: 

∑ = The sum of each C stock of each depth increment (cm) from surface peat to mineral soil 

Bulk Density (kg/m3) = Measured Bulk Density value in (g/cm3) * 1,000 

Carbon = Measured C value (%) / 100 

Depth (m) = Individual depth increment (cm) / 100 

 

4. Macrofossil interpretation 

 

Macrofossil analysis was performed on soils samples along each of the major transitions 

(basal, woody transition, aquatic transition). This analysis was performed to make visual 

inferences on the major transition zones of the cores. These transitions were delineated by looking 

for irregularities in the bulk density and LOI data down core. The macrofossil samples selected 

along each of the transitions were used for radiocarbon analysis. Acquiring 14C dates was essential 

to determine the date of the major thaw events causing the collapsed-scar features to form. 

Although the mineral soils were highly organic, it was difficult to select a whole macrofossil 

sample for analysis, so a bulk sample was collected to be dated following (Jones et al., 2013).  

 

Once the incremented peat samples were thawed, the increments along the major 

transitions were selected for analysis. A representative sample was taken and placed on a sterile 

petri dish under a microscope. Qualitative visual characteristics of the peat was recorded on 

datasheets to determine the main vegetation species present within that transition 

(mineral/woody/aquatic) following Holmquist et al. (2016). Any notable fossils from within that 

unit were removed and placed on a separate sterile petri dishes, to be dried at 32°C overnight. The 

dried samples were packaged and sent to Carbon, Water & Soils Research Lab in Houghton, 

Michigan, to be prepped for radiocarbon dating.  

 

 Matrix/ 

macrofossils 

present 0 1 2 3 4 5 Notes   

Moss                 

Sedge                 

Wood                 

Peat                 

Mineral                 
Figure A1: Qualitative visual description of the main species composition (moss, sedge, wood, peat, mineral soil, 

other) of each representative sample. The following ordinal estimations were used: 0=absent; 1=rare; 2=occasional; 

3=frequent; 4=common; 5=abundant. The matrix composition (i.e. the composition of the cementing material of the 

macrofossils: 90% sphagnum, 5% sedge, 5% woody material) and other notable features (charcoal; mineral grains) 

within the layer were also recorded. 
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5. Radiocarbon dating 

 

Samples were graphitized in preparation for 14C abundance measurement at the Carbon, 

Water & Soils Research Lab in Houghton, Michigan. Following pretreatment, samples were dried, 

weighed into quartz tubes, and sealed under vacuum. Samples were combusted at 900°C for 6 

hours with cupric oxide (CuO) and silver (Ag) in sealed quartz test tubes to form CO2 gas. The 

CO2 was then reduced to graphite through heating at 570°C in the presence of hydrogen gas and 

an iron catalyst (Vogel et al., 1987). Graphite targets were then analyzed for radiocarbon 

abundance (Zoppi et al., 2007), and corrected for mass-dependent fractionation following Stuiver 

and Polach (1977).   

 

In order to determine the C accumulation rate over time (kg C m-2 y-1), I used the long-term 

(apparent) rate of carbon accumulation (LORCA) following Korhola et al. (1995; Equation 9). 

 

Equation 9: 

LORCA = Cumulative C Stock (kg C m-2) / Radiocarbon age in years before present (yr-1) 

 

Where:  

LORCA = dry mass accumulation of C per year (kg C m-2 y-1) 

 

6. Grain Size Analysis (PSA) 

 

Grain size analysis was performed only on mineral soil samples. Composite samples 

representative of the mineral component of each peat core were grouped together, as well as 

individual samples collected from various depths and analyzed separately. A total of 60 (n=60) 

samples were run on the LS 13 320 Laser Diffraction Particle Size Analyzer from Dr. Cockburn’s 

lab in the Geography Department of the University of Guelph.  

 

Mineral soil samples were selected from each core type representing each of the thaw 

progressions: permafrost peat plateaus (frozen), collapsed-scar edges (active-thaw margins) and 

centres (passive-thaw margins). The samples were air dried at room temperature until a constant 

weight was maintained. Individual samples were placed into weigh boats and numbered 

accordingly. Representative samples were created by sampling 5.0000g ± 0.0050g of each depth 

increment and compiling them into one weigh boat. Each sample was then sieved to 2000mm or 

through the 200 sieve.  For both individual and representative samples, 0.1000g ± 0.0050g of 

sample was taken and placed into centrifuge tubes. All of the soils were then treated with a 70% 

peroxide (H2O2) treatment to remove organics, where 1mL of H2O2 was added to the soils until the 

reaction subsided. Soils were kept saturated by adding 2.5mL DI to the samples.  

 

Each sample was rinsed out of the centrifuge tubes with DI and loaded into the aqueous 

liquid module (ALM). The sample was then sonicated and circulated through the optical bench to 

determine its particle size distribution. The sample is run through three iterations where the results 

from the third iteration will be used for statistical analysis. 
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7. Porosity 

 

Following Pollard and French (1980), I estimated a value for porosity using the dry mass 

of the sample and the moisture content. This was done to determine the volume of void space in 

both the frozen finger and SIPRE cores. The volume of void space is important to calculate as it 

provides a measure of how much of the total volume was filled with water (post thaw) and 

available to thaw (ice).  This can help to determine the transmissivity of the unit to groundwater 

and how effective that unit can transport water and potentially lead to further thawing along the 

active thaw margins. Porosity was calculated using the following equations (Equation 10 through 

14): 

 

Equation for Vi 

 

Vi = W + (0.09W) 

 

Where: 

Vi = Volume of ice 

W = Moisture content value (%) 

0.09 = 9% volume increase due to freezing from liquid to solid state  

 

 

Equation for Vs 

 

Vs = v / Ps 

 

Where: 

Vs = Volume of soil solids  

v = Dry soil weight (g) 

Ps = Particle Density: 2.65 g/cm3 

 

Equation for Vfi 

 

fVi = Vi / (Vi + Vs) 

 

Where: 

fVi = Volume fraction of ice filled void space 

 

Equation for Porosity 

 

Porosity = 1 – (P / Ps) 

 

Where: 

P = Bulk Density of sample (g/cm3) 

Ps = Particle Density: 2.65 g/cm3 
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