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3.1. Highlights
• Several soil carbon and permafrost data products in 

Alaska, either produced for this assessment or avail-
able from the literature, were evaluated to synthesize 
observation-based estimates of distributions of soil 
organic carbon (SOC), permafrost, and other vari-
ables. The synthesis was also compared to simulated 
estimates by an ecosystem carbon dynamic model 
called DOS-TEM (Dynamic Organic Soil version 
of the Terrestrial Ecosystem Model).

• The total SOC storage in boreal and arctic regions 
in Alaska ranged from 31 to 72 petagrams of carbon 
(PgC) among different mapped products, and SOC 
simulated by DOS-TEM was well within this range 
at 46 PgC (with a standard deviation [s.d.] of 22 PgC).

• Near-surface (within 1 meter [m]) permafrost (NSP) 
was estimated to underlie 36 to 67 percent of Alaska 
among different map products used in the evaluation, 
and NSP simulated by DOS-TEM was within 
this range at 44 percent. Furthermore, DOS-TEM 
simulations of NSP fell within the range of map 
product estimates for 87 percent of ecotypes, and 
outlier ecotypes constitute approximately 16 percent 
of Alaska.

• Average active-layer thickness (ALT) ranged from 
76 to 84 centimeters (cm) from surface among 
different mapped products, and ALT simulated 
by DOS-TEM was slightly outside of this range 
at 86 ± 8 cm, but within the range of map product 
uncertainty. The ALT derived from the state soil 
geographic database (STATSGO) was generally 
higher than other estimates, possibly owing to 
how ALT is described in soil pedon datasets and 
measured in the field.

• Organic soils were estimated to underlie 
8 to 30 percent of Alaska among different 
map products, and organic soil simulations by 
DOS-TEM were within this range at 18 percent.

• A simple conceptual model of soil susceptibility 
to climate change indicated that Arctic Landscape 
Conservation Cooperative (LCC) lowland shrub 
tundra and Western Alaska LCC lowland shrub 
tundra ecotypes are highly susceptible to climate 
change because of large and potentially liable 
frozen and unfrozen SOC stocks. 

• Intermediate susceptible ecotypes were Arctic 
LCC upland shrub and graminoid tundra with 
susceptibility being driven by potential changes 
to continuous NSP extent and the lack of thick 
insulating layers of organic soils.
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3.2. Conceptual Discussion of Roles 
and State of the Knowledge About  
Soil Carbon and Permafrost in  
Boreal and Arctic Ecosystems 

There are large accumulations of soil organic carbon 
in arctic and boreal forest ecosystems. Hugelius and others 
(2014) indicated that the northern permafrost regions of the 
world contain approximately 1,300 petagrams of organic 
carbon (PgC), of which 800 PgC (61 percent) occurs in peren-
nially frozen soils and deposits. For comparison, the amount of 
carbon as carbon dioxide (CO2) currently in the atmosphere is 
approximately 800 PgC, of which 240 PgC represents the net 
accumulation in the atmosphere from fossil-fuel and land-use 
emissions between 1750 and 2011 (Stocker and others, 2013). 
Thus, the carbon in permafrost-affected ground is nearly 
double the carbon in the atmosphere. The thaw and decay of 
permafrost and permafrost carbon will be irreversible with the 
onset of warming trend of the 2014 and 2100 timeframes, and 
the release of this carbon (the permafrost carbon feedback) 
is not currently accounted for in the climate models used by 
the Intergovernmental Panel on Climate Change (IPCC) Fifth 
Assessment Report (Stocker and others, 2013). Accounting for 
this additional carbon will require larger reductions in fossil-
fuel emissions to reach a target atmospheric CO2 concentration 
and therefore a target limit on global temperature increase 
(Schaefer and others, 2011).

To estimate the quantity of soil organic carbon in Alaska, 
Johnson and others (2011) compiled data for many soil profile 
measurements and evaluated the distributions of soil carbon by 
climate regions, landforms, ecoregions, and ecosystem types. 
Bliss and Maursetter (2010) estimated a total of 48 PgC of 
soil organic carbon for Alaska and Mishra and Riley (2012) 
estimated 77 PgC, with these estimates influenced by assump-
tions and data availability for deeper soils (for example, 
between 1 and 3 meters [m]). Although these soil carbon 
inventory studies largely used the same soil carbon measure-
ments, with slight variations and additions between assess-
ments, each study made use of different upscaling approaches.

The status of the permafrost system can be measured 
using deep boreholes with accurate measurements of the 
change of temperature with depth through the Global 
Terrestrial Network for Permafrost (GTN–P; Clow, 2014). 
The thickness of the active layer (that is, maximum annual 
thaw depth) is another measure for the status of the permafrost 
system. With warmer temperatures, the thickness of the active 
layer is expected to increase. Although point-based measure-
ments are useful for understanding local permafrost dynamics, 
these measurements are typically sparse and there is an 
increasing need to monitor and map permafrost properties at 
larger scales (National Research Council, 2014). As part of an 
international network of Circumpolar Active Layer Monitoring 
(CALM) sites, Hinkel and Nelson (2003) concluded that in 
Alaska, active-layer thickness is correlated with inter-annual 

variability in summer temperature and that local variations 
in active-layer thickness and near-surface soil moisture are 
influenced by vegetation, substrate properties, snow cover 
dynamics, and terrain. More recently, empirical models have 
also been used to relate permafrost and soil characteristics 
to environmental factors for regional-scale mapping. For 
instance, remotely sensed or derived datasets have been 
combined with digital elevation models and field data to map 
permafrost properties over large areas of Alaska (Pastick and 
others, 2013; Pastick, Jorgenson, and others, 2014).

Time-series analyses of aerial photos and remote sensing 
imagery are also useful for understanding the rate and extent 
of change associated with permafrost degradation. Using aerial 
photo analyses, Jorgenson and others (2001) found that in the 
Tanana Flats in central Alaska, permafrost degradation has 
been widespread and rapid, causing large shifts in ecosystems 
from birch forests to fens and bogs. With warming, areas that 
are ice-rich experience a collapse of the surface topography 
(thermokarst) on the order of 1 to 1.5 m. In arctic Alaska, 
Jorgenson and others (2006) found that recent degradation has 
mainly affected massive wedges of ice that previously had 
been stable for thousands of years. Thermokarst potentially 
can affect 10 to 30 percent of arctic lowland landscapes and 
severely alter tundra ecosystems even with modest climate 
warming (Jorgenson and others, 2006). Additionally, approxi-
mately 40 percent of subarctic Alaska may also be susceptible 
to permafrost degradation and thermokarst (Jorgenson and 
others, 2008).

A variety of methods are used to understand the potential 
rate of carbon release with warming, including chrono-
sequences (Johnston and others, 2014), flux studies on wetland 
gradients (McConnell and others, 2013), incubation of soil 
samples (Wickland and Neff, 2008; Mu and others, 2014; 
Treat and others, 2014), and manipulations that artificially 
warm the soil (Natali and others, 2011, 2012). The insulating 
effect of moss may depend on the water content (O’Donnell 
and others, 2009). Microtopography and slope may influence 
groundwater and surface water flow and thus the formation of 
taliks, thermokarst ponds, and pond drainage (Yoshikawa and 
Hinzman, 2003; Osterkamp and others, 2009; Wellman and 
others, 2013).

Schaefer and others (2014) synthesized results from 
14 studies projecting the magnitude of the permafrost carbon 
feedback across the pan-Arctic to the year 2100, and found 
an ensemble average of 120 ± 85 PgC and a median of 
100 PgC. There is considerable uncertainty from the variety 
of methods and assumptions, but this amount of carbon 
would be equivalent to 5.7 percent of projected anthropogenic 
emissions through 2100 (IPCC scenario RCP 8.5; Riahi and 
others, 2011), and would increase global temperatures by 
0.29 ± 0.21 degrees Celsius (°C), or 7.8 ± 5.7 percent. Projec-
tions indicate that 60 percent of the permafrost emissions 
will occur after 2100, so releases of greenhouse gases from 
thawing permafrost will continue for centuries. Schuur and 
others (2015) suggest a similar median magnitude for the 
permafrost carbon feedback with evidence for a gradual and 
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prolonged release of greenhouse-gas emissions in a warming 
climate, and present a research strategy for reducing the 
uncertainties. Schaefer and others (2011) suggest that the 
Arctic as a whole may change from a carbon sink to a carbon 
source after the mid-2020s.

Structural and functional changes in boreal forest 
ecosystems associated with warming (for example, reduced 
growth of dominant tree species, plant disease and insect 
outbreaks, warming and thawing of permafrost, and increased 
wildfire extent) that are unprecedented in the past 6,000 years 
are expected over the next few decades (Chapin and others, 
2010; Euskirchen and others, 2010). A shift from coniferous to 
deciduous vegetation in Alaska began about 1990 (Mann and 
others, 2012), and there has also been a documented increase 
in the frequency, intensity, and extent of fire disturbance 
associated with warming and drying trends (Kasischke and 
others, 2010).

Fire directly releases carbon from ecosystems, and 
resulting changes in heat absorption and organic-layer 
thickness influence the degradation and (or) reformation 
of permafrost. Large fires have become more frequent in 
recent years in interior Alaska, with 17 percent of the land 
area burning in a decade (Barrett and others, 2011). Barrett 
and others (2011) estimated that 39 percent (approximately 
4,000 square kilometers [km2]) of all burned black spruce 
(Picea mariana (Mill.) Britton, Sterns & Poggenb.) stands in 
2004 had less than 10 centimeters (cm) of residual organic 
layer, which may lead to a post-fire loss of permafrost and 
high-quality seedbeds better suited for the establishment of 
deciduous species. With a severe fire, the trees and moss 
will be killed, leaving a blackened soil surface that absorbs 
sunlight directly onto the soil, transferring heat into the soil 
and thawing permafrost (Genet and others, 2013). Harden and 
others (2006) found that for every centimeter of soil organic-
layer thickness, the temperature at 5-cm depth was about 
0.5 °C cooler in summer months. Turetsky and others (2011) 
indicate that some black spruce stands have become a net 
source of carbon to the atmosphere, and Chambers and Chapin 
(2002) show there can be an initial reduction of minimum 
albedo following fire from 0.09 to 0.06, followed by a rapid 
increase to 0.135 as the vegetation increased. Increases in fire 
disturbance will augment the amount of carbon released to the 
atmosphere and thus contribute to climate warming, and shifts 
in species composition also have the potential to influence 
the regional climate by changing surface albedo and rates of 
evapotranspiration and conductance (Amiro and others, 2006).

From the conceptual description above, it is shown that 
to properly represent the spatial and temporal variability of 
soil carbon stocks in high-latitude ecosystems, process-based 
ecosystem models need to (1) correctly initialize soil carbon 
stocks and permafrost distribution as a function of drainage 
conditions, soil properties (for example, texture, organic-layer 
thickness), and vegetation composition and (2) represent the 
effects of climate and disturbance regimes on permafrost 
dynamics and the consequences on soil carbon stocks over 
time. One way to evaluate how well process-based ecosystem 

models simulate regional ecological processes and estimate 
the spatial and temporal variability of soil properties is 
by comparing modeled outputs to a set of data products 
developed using other methods and observations, as is 
described below.

3.3. Objectives of the Study and 
General Methods 

As part of this assessment, one objective of this chapter 
is a synthesis of available current and new data products of 
permafrost distribution and soil carbon in Alaska. Several 
new soil property products were created as part of this study 
to help improve and refine soil property estimates, to increase 
the number of product versions beyond the existing spatial 
products, and to better quantify and assess landscape-scale map 
uncertainties. The new soil property products incorporated new 
field data, higher resolution inputs layers, and (or) different 
mapping algorithms relative to previous studies. Statistical-
empirical techniques were used in the development of new 
products to quantify near-surface soil properties throughout 
Alaska. The convergence of multiple products derived from 
observations, both in terms of spatial patterns and quantifica-
tion of uncertainties, was the basis for a confidence measure 
used for the evaluation of a process-based model (that is, 
DOS-TEM). Multiproduct comparisons reduce the conse-
quences of both false-positive and false-negative results that 
may occur when only one reference product is used. 

The second objective of this chapter is to evaluate how 
well processes related to the spatial distribution of soil proper-
ties were represented in the biogeochemical process-based 
model used in this assessment by observing the differences 
between the model and the mapped products. The Dynamic 
Organic Soil version of the Terrestrial Ecosystem Model 
(DOS-TEM) is a large-scale ecosystem model designed 
to study interactions among carbon and nitrogen cycling, 
vegetation composition, and the effects of climate change and 
disturbances on soil physical properties, including permafrost 
and active-layer dynamics. Over the last two decades, 
DOS-TEM has been developed to simulate biogeochemical 
cycles and vegetation dynamics in high latitudes, including 
development of an environmental module to reproduce the 
thermal and hydrological regimes of the organic and mineral 
layers in permafrost soils (Zhuang and others, 2003; Yi and 
others, 2009). The DOS-TEM model is a widely used model 
for high-latitude boreal and arctic systems and one of the 
primary models used in this Alaska assessment for current 
and future fluxes and stock of carbon. The synthesis provided 
in the present chapter was designed to provide a baseline to 
evaluate how DOS-TEM reproduced the spatial variability of 
historical soil carbon and permafrost distribution in Alaska 
compared to other empirical and process-based models. 
DOS-TEM used a soil texture data source independent of 
datasets (see chapter 6) discussed in this chapter because 
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of an issue with timing. The state soil geographic database 
(STATSGO) soil texture maps were not available at the time 
DOS-TEM simulations began. Chapters 6 and 7 present how 
DOS-TEM represents the temporal variability of soil carbon 
stocks and permafrost.

The final objective of this chapter was to develop a 
simple conceptual model and map of soil relative suscepti-
bility to climate change based on expert knowledge, new soil 
and ecotype maps, and the literature. Here we define relative 
susceptibility as the degree to which particular “ecotypes” 
(that is, combinations of ecoregion [Landscape Conservation 
Cooperative, LCC region], upland or lowland, and land-cover 
type) and soils are open, liable, or sensitive to climate stimuli 
(Smit and others, 1999). The results of this analysis will 
be informative for land use and land management decision 
making and provide actionable science information for 
sustainable resource management practices.

3.4. Methods and Analysis of Soil Products
Statistical and geospatial methods were used to produce 

and examine spatially explicit estimates of near-surface soil 
properties (that is, soil organic carbon, SOC; permafrost 
distribution; active-layer thickness, ALT; and organic-layer 
thickness, OLT) throughout Alaska, although parameters 
related to permafrost and soil carbon were not assessed in 
the North Pacific LCC because (1) permafrost occurrence 
in this region is typically rare, (2) a portion of the spatial 
datasets did not cover this region, and (3) carbon simulation 
results were not available at the time of these analyses and 
were being done separately for this report (see chapter 4). 
The newly generated products were then compared with other 
existing assessments. Accuracy assessments were conducted 
for a portion of these map products, but accuracies can’t be 
directly compared because of model and mapping differences. 
Because the various products were generated at different 
resolutions and with different mapping methods, comparisons 
were conducted at the ecotype level. DOS-TEM outputs were 
compared to the means, ranges, and uncertainties of the other 
spatial products within ecotype units. Masked areas or areas 
with no data were excluded from ALT and OLT comparisons. 
Ecotypes are broad strata that can have significant soil carbon 
and permafrost variability related to adjacency to water, soil 
texture, and effect of fire. Uncertainty was characterized 
in three ways: (1) as the mean absolute difference (MAD) 
from the ecotype mean, (2) as the data range of the spatial 
product means for each ecotype, and (3) as the difference 
between product ecotype means and respective DOS-TEM 
ecotype means. We employ convergence of evidence in our 
analysis approach, but acknowledge that the true value can 
potentially be one of the outliers. The ecotype product means 
(excluding DOS-TEM) were used to develop six ecologically 
based sensitivity criteria. A simple susceptibility index was 
developed related to an inter-criteria score (sum of 0 [false] or 

1 [true] across the six criteria) and the potential area affected, 
as is further described in section 3.4.4. Environmental factors 
controlling the distribution of near-surface soil properties and 
distributions are also briefly highlighted and discussed. 

It is also important to note that all empirically derived 
products rely heavily on the same soil pedon dataset (with 
varying additions of other field data and albeit different 
extrapolation methods) but these observations are not a 
systematic or random sample of Alaska’s ecotypes. Thus, 
some ecotypes are poorly represented whereas others are 
fairly well represented, which creates a source of uncertainty 
between ecotypes that is difficult to quantify (Johnson and 
others, 2011). For example, the Western Alaska LCC has the 
lowest representation of soil carbon observations, having a 
sample density of 2, 8, and 15 times lower than the Northwest 
Boreal LCC North, Arctic LCC, and Northwest Boreal LCC 
South, respectively. Thus, soil carbon estimates of the Western 
Alaska LCC should qualitatively be considered the most 
uncertain compared to other regions. 

3.4.1. Soil Organic Carbon

For the analysis of multiple products conducted for this 
assessment, the available SOC products included two new 
SOC maps and several existing maps (table 3.1). 

The JOHNSON SOC product (fig. 3.1A ) developed by 
Johnson and others (2011) and modified for the present report 
was created using 724 soil pedon observations. Soil pedon 
data sources included data from the U.S. Geological Survey 
(USGS) and the National Resources Conservation Service 
(NRCS) and a variety of data available from the Bonanza 
Creek Long Term Ecological Research (LTER) Web site. The 
SOC was estimated for the surface organic layer (OL), the 
mineral soil to a 1-m depth below the OL (MIN1m), and the 
total organic plus mineral soils (OL+MIN1m). These three soil 
carbon pools are directly comparable to DOS-TEM outputs. 
Additionally, the OL and MIN1m pools were partitioned into 
frozen and unfrozen components based on horizon designation 
(that is, the presence or absence of the “f” suffix). Frozen and 
unfrozen soil carbon were used to analyze the vulnerability of 
SOC loss from thawing permafrost and associated decomposi-
tion. Cryoturbated organic horizons were included as mineral 
soil. The means of the components (and their totals) were 
scaled up to land-cover types using the methods described in 
Hugelius and others (2012). A total of 33 land-cover types 
were derived for the soil carbon analysis from a landform map 
(Johnson and others, 2011), National Land Cover Database 
(NLCD) vegetation cover (Homer and others, 2004), and addi-
tional information on white spruce (Picea glauca (Moench) 
Voss) distribution from LANDFIRE (2008). These carbon 
statistics were crosswalked to the ecotypes in this study using 
similar land-cover types with large areas in each ecotype. 

The STATSGO SOC data layer was developed from the 
1:500,000-scale state soil geographic database (STATSGO) 
for Alaska (Soil Survey Staff, 2012), using expert knowledge 
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Table 3.1. Summary of spatial products and process-based model evaluated for soil organic carbon (SOC) in this assessment. 

[STATSGO, state soil geographic database; NCSCDv2, Northern Circumpolar Soil Carbon Database version 2; CAVM, Circumpolar Arctic Vegetation 
Map; DOS-TEM, Dynamic Organic Soil version of the Terrestrial Ecosystem Model; OL, surface organic layer; MIN1m, mineral soil to 1-meter depth 
below the bottom of the surface organic layer; OL + MIN1m, the sum of OL and MIN1m]

Product name Extent Resolution Method Depth Reference

JOHNSON Alaska 1 kilometer Means extrapolated 
to raster

OL, MIN1m,
OL + MIN1m

Johnson and others (2011) 
and this report

STATSGO Alaska 1 kilometer Means extrapolated 
to polygons

OL, MIN1m,
OL + MIN1m 

This report

MISHRA Alaska 60 meter Geostatistical “whole profile” Mishra and Riley (2012)
NCSCDv2 Boreal and arctic 

Alaska
0.012° Means extrapolated 

to polygons
0 to 152 centimeters Hugelius and others 

(2013)
CAVM Arctic Alaska 1 kilometer Means extrapolated 

to polygons
OL, 0 to 1 meter Ping and others (2008)

DOS-TEM Alaska 1 kilometer Process-based model OL, MIN1m,
OL + MIN1m

This report

Figure 3.1. Total profile soil organic carbon (SOC) for those products used in the assessment that covered all of Alaska.  
A, SOC from Johnson and others (2011). B, SOC derived from the state soil geographic database (STATSGO). C, SOC from 
Mishra and Riley (2012). D, SOC simulated by the Dynamic Organic Soil version of the Terrestrial Ecosystem Model (DOS-TEM).
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to extrapolate NRCS soil pedon observations and rasterized 
to 1-kilometer (km) resolution. The SOC was computed for 
each horizon from the representative organic matter attribute 
(om_r) by converting organic matter to organic carbon with 
a 0.58 factor and accounting for rock fragments. A map 
unit average soil carbon in kilograms of carbon per square 
meter (kgC/m2) was computed for each analysis depth zone 
(for example, OL or OL+MIN1m) by accumulating across 
horizons and components with the mass of soil and the 
component percentage (comppct_r) as weighting factors 
with methods following Bliss and others (2014) (fig. 3.1B ).

Several other existing products were available for 
comparisons of SOC density or SOC totals. The MISHRA 
SOC product (fig. 3.1C) represents “whole profile from the 
surface to the C horizon” SOC predicted from topographic, 
land-cover type, geologic, and climate data and 472 soil 
profiles for all of Alaska at a 60-m resolution (Mishra and 
Riley, 2012). In contrast to the other products of this study, it 
is the only one to use a geostatistical approach (geographically 
weighted regression). The Northern Circumpolar Soil Carbon 
Database version 2 (NCSCDv2) SOC product assigns mean 
SOC values to a compilation of soil polygon maps for the 
whole circumpolar arctic but does not include southeastern 
Alaska (Hugelius and others, 2013). The data are reported by 
meter depth (that is, 0–100 cm, 100–200 cm, and 200–300 cm) 
but for comparability to the other products of this study the 
first two depths were converted to represent SOC to usually 
the 152-cm depth, or the C horizon. The CAVM SOC product 
is similar to other SOC products mentioned in this study in 
that mean SOC values were assigned to land-cover types for 
upscaling (Ping and others, 2008). However, land-cover types 
were determined from a separate map, the Circumpolar Arctic 
Vegetation Map (CAVM), and only cover the Arctic LCC and 
the Aleutian and Bering Sea Islands LCC ecoregions. 

The DOS-TEM SOC product (fig. 3.1D) provides 
estimates of SOC in the organic layer and the mineral soil 
(down to 1 m below the OL) separately. DOS-TEM simulates 
the dynamic changes of the SOC pools as a result of the 
incorporation of the litterfall to the soil, the carbon loss from 
decomposition by microbes, and combustion during wildfire. 
Therefore, soil carbon pools in DOS-TEM depend mainly on 
climate history, drainage conditions, vegetation productivity, 
and the fire regime (frequency and intensity). DOS-TEM 
estimates of SOC are provided at a 1-km resolution for the 
entire State. Readers are referred to Yi and others (2010) for a 
description of the processes that drive soil carbon dynamics in 
DOS-TEM. The DOS-TEM output at spin-up (models are run 
repetitively to get equilibrium conditions) were selected for 
the comparisons shown in this section.

3.4.2. Permafrost and Active-Layer Thickness

For the multiple product analysis of this report, the 
available permafrost products included three new permafrost 
maps and one existing map (table 3.2).

The “LANDCARBON” (products produced in this 
assessment) permafrost and associated ALT map products 
were developed using machine learning algorithms (that is, 
regression and classification trees) that spatially and statisti-
cally extended late-season field observations (sample size 
[n] ~17,000), collected from 1990 to 2013, for the mapping 
of near-surface permafrost (NSP, within the upper 1 m of the 
soil column) throughout Alaska (Pastick and others, 2015). 
This approach made use of remotely sensed, climatic, and 
biophysical geospatial data to produce moderate-resolution 
(30-m pixel) maps of the presence or absence of NSP, prob-
ability of NSP, and ALT (seasonal maximum depth of the 
permafrost) (figs. 3.2A, 3.3, and 3.4A). Readers are referred 
to Pastick and others (2015) for a detailed discussion of those 
data and methods used to derive and assess the map products. 
Climate variables (that is, mean annual air temperature, length 
of growing season, annual and winter precipitation) were 
identified to be the most important environmental factors 
controlling landscape-level distributions of permafrost. 
Whereas climate was identified to have first-order controls on 
landscape NSP distributions, permafrost-climate-ecological 
interactions are scale dependent. Remotely sensed or mapped 
data were also an influential predictor in the model and 
suggested that certain surface features (that is, vegetation, 
topography) are also good indicators of NSP properties. 
Accuracy assessments consisted of independent test datasets 
and f-fold cross-validations (Martin and others, 2011). 
Cross-validation and independent test accuracies indicated 
that the NSP map had an overall accuracy of 85 percent 
(95-percent confidence interval [CI]: 84.7, 85.8). Independent 
tests showed that the ALT map had a mean average error 
(MAE), mean bias error (MBE), relative mean average error 
(rMAE), relative mean bias error (rMBE), and Pearson’s 
correlation coefficient of 15 cm, 0 cm, 27 percent, 0 percent, 
and 0.61, respectively. 

The STATSGO permafrost estimates of the presence 
or absence of NSP were computed by evaluating the texture 
designation for the horizon at 100-cm depth. If the horizon 
was designated as “frozen” (“PF” in the texture code), then 
the component was flagged as having NSP. If the sum of 
the component percentages flagged in this way was at least 
50 percent, then the map unit was coded as having NSP 
“present” and if it was less than 50 percent, then permafrost 
was considered “absent” (fig. 3.2B). The ALT for a component 
was the depth of the soil at the top of a permanently frozen 
soil horizon. If permafrost was not present in the component 
or the permafrost was deeper than 100 cm, then the ALT 
for the component was set to 101 cm for comparability of 
methods with other datasets being evaluated in this study. A 
weighted average of ALT was computed with the component 
percentage as the weighting factor and assigned to the map 
units, as shown in figure 3.4B.

The GIPL 1.3 permafrost products were made using 
the University of Alaska-Fairbanks, Geophysical Institute 
Permafrost Laboratory (GIPL; 2011) version 1.3 transient 
model. The GIPL 1.3 spatial transient model simulates 
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Figure 3.2. Estimated presence or absence of near-surface (within 1 meter) permafrost for Alaska. A, Permafrost from LAND CARBON 
(Pastick and others, 2015). B, Permafrost derived from the state soil geographic database (STATSGO). C, Permafrost simulated by the 
Geophysical Institute Permafrost Laboratory version 1.3 transient model (GIPL 1.3). D, Permafrost simulated by the Dynamic Organic 
Soil version of the Terrestrial Ecosystem Model (DOS-TEM). Map estimates are not reported for the North Pacific LCC. 

Table 3.2. Summary of spatial products and process-based model evaluated for permafrost in this assessment. 

[LANDCARBON, data product developed for this assessment; STATSGO, state soil geographic database; GIPL 1.3, Geophysical Institute Permafrost Labora-
tory version 1.3 transient model; DOS-TEM, Dynamic Organic Soil version of the Terrestrial Ecosystem Model]

Product name Extent Resolution Method
Near-surface 

permafrost 
depth threshold

Time period Reference

LANDCARBON Alaska 30 meter Machine  
learning

1 meter 1990–2013 Pastick and others (2015) 
and this report

STATSGO Alaska 1 kilometer Means  
extrapolated  
to polygons

1 meter Not specified  
(expert judg-
ment in 2012)

This report

GIPL 1.3 Alaska 2 kilometer Process-based 
model

1 meter 2000–2009 Marchenko and  
others (2008)

DOS-TEM Alaska (excluding the North 
Pacific Landscape Conser-
vation Cooperative)

1 kilometer Process-based 
model

1 meter 1950–1960 This report
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Figure 3-3
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Figure 3.3. Probabilistic estimation of near-surface (within 1 meter) permafrost occurrence for the State of Alaska at 30-meter 
spatial resolution derived from LANDCARBON. Estimates were made using machine learning algorithms, field observations, 
remotely sensed or mapped imagery, and climatic data (Pastick and others, 2015). 
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Figure 3-4
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depth of seasonal freezing and thaw by numerically solving 
one-dimensional nonlinear heat equations with phase change 
(Marchenko and others, 2008). Note that the spatial resolution 
(2-km pixels) of the GIPL 1.3 product is different than 
products developed in this study. Furthermore, predictions 
of seasonal frost or thaw depths greater than 1 m made 
by GIPL 1.3, for the years 2000 to 2009, were recoded to 
101 cm for direct comparison with estimates of NSP and 
ALT produced for this study (figs. 3.2C, 3.4C).

The DOS-TEM permafrost products were produced from 
the historical simulations for Alaska at a 1-km resolution. In this 
process-based model, NSP and ALT were assessed based on 

soil temperature and soil moisture simulations over a 5-m-deep 
soil column. NSP is considered present when soil temperature 
at 1 m from the surface remained frozen for two consecutive 
years. Soil temperature and soil moisture in DOS-TEM are 
driven by climate, soil texture, and drainage conditions. The 
insulating properties of the snow cover, moss, and organic 
layers are also reproduced in the model. Soil moisture is also 
affected by water uptake from vegetation and runoff. NSP 
and ALT distributions were estimated by averaging annual 
estimates from 1950 to 1960, which is temporally inconsistent 
from other products but the only TEM outputs available for 
comparison at the time of analyses (figs. 3.2D, 3.4D).

Figure 3.4. Active-layer thickness (ALT) estimates for Alaska. A, ALT derived from LANDCARBON (Pastick and others, 
2015). B, ALT derived from the state soil geographic database (STATSGO). C, ALT simulated by the Geophysical Institute 
Permafrost Laboratory version 1.3 transient model (GIPL 1.3). D, ALT simulated by the Dynamic Organic Soil version of 
the Terrestrial Ecosystem Model (DOS-TEM). Map estimates are not reported for the North Pacific LCC. Areas where ALT 
was estimated to be greater than 1 meter were given a consistent value (dark red) because of differences in investigation 
depths and for direct comparison. ALT greater than 1 meter is dependent on site, soil, climate, and fire history. 
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3.4.3. Organic-Layer Thickness

For the multiple product analysis of this report, the 
available organic soil products included three new maps and 
one existing map (table 3.3).

The LANDCARBON OLT products were developed for 
this assessment using decision tree classifications to spatially 
extend field observations of soil organic-layer thickness 
(OLT; excluding buried O horizons) throughout Alaska. This 
approach made use of approximately 3,500 field observations 
and topographical, climatic, and remotely sensed geospatial 
data to map the presence or absence of organic soils (that is, 
OLT  ≥ 40 cm = organic soil present; OLT < 40 cm = organic 
soil absent) (fig. 3.5A ). The 40-cm depth interval was chosen 
because it coincides with Soil Taxonomy (Soil Survey Staff, 
1999) nomenclature for organic soils (that is, Histosol or 
Histel) that are commonly associated with peatlands. Field 
observations were primarily collected by the National 
Resource Conservation Service, ABR, Inc., and the USGS 
(Pastick, Rigge, and others, 2014). Topography (that is, slope, 
soil-wetness proxies), length of growing season, and remotely 
sensed or mapped data (that is, land cover, vegetation indices) 
were identified to be the most important factors in estimating 
organic soil distributions in Alaska. Cross-validation accuracy 
assessments indicated that the map of the presence or 
absence of organic soil had an overall accuracy of 71 percent 
(95-percent CI: 69.5, 73.2). Readers are referred to Pastick, 
Rigge, and others (2014) for a thorough discussion on digital 
mapping of organic soils in Alaska.

The STATSGO OLT product was developed by evalu-
ating the textural component of the horizons from the surface 
to 152-cm depth. For the STATSGO OLT, each horizon is 
labeled as organic or not organic, and the thickness of organic 
horizons is summed to create a component-level variable. 
This is weighted by the component percentage to give an 
average OLT at the map unit level. If an organic layer is 
not present, the thickness will be recorded as zero, and this 
will be included in the weighted average. The thicknesses 

Table 3.3. Summary of spatial products and process-based model evaluated for soil organic-layer thickness in this assessment. 

[LANDCARBON, data product developed for this assessment; STATSGO, state soil geographic database; NCSCDv2, Northern Circumpolar Soil Carbon 
Database version 2; DOS-TEM, Dynamic Organic Soil version of the Terrestrial Ecosystem Model; —, not applicable]

Product name Extent Resolution Method
Number of 

observations
Reference

LANDCARBON Alaska 30 meter Machine learning ~3,500 This report

STATSGO Alaska 1 kilometer Means extrapolated  
to polygons

— This report

NCSCDv2 Boreal and arctic Alaska Polygons Means extrapolated  
to polygons

— Hugelius and others 
(2013)

DOS-TEM Alaska (excluding the North  
Pacific Landscape Conser-
vation Cooperative) 

1 kilometer Process-based model — This report

of the organic layers in the 0- to 152-cm-depth zone were 
summed for each component, and a weighted average (with 
component percentage as the weight) was computed. If the 
average was more than 40 cm, then the map unit was labeled 
as “OLT ≥ 40 cm” in figure 3.5B.

The NCSCDv2 OLT product assigns soil type frequencies 
to a compilation of soil polygon maps for the whole circum - 
polar region, but does not include a large portion of 
southeastern Alaska (Hugelius and others, 2013). Although 
available at approximately 1-km resolution, the polygon 
represen tation of soils is considerably coarser than that 
represented by other products in this study. The data used 
for comparison are frequency of Histel occurrence estimates, 
which are comparable to organic soil products developed 
for this study.

The DOS-TEM OLT product (fig. 3.5C) provides 
estimates of OLT as a function of SOC content in the organic 
layer. The dynamic organic soil module of DOS-TEM simu-
lates post-fire re-accumulation of the organic layer as dead 
organic soil horizons accumulate above the mineral horizons 
with post-fire vegetation succession. DOS-TEM estimates of 
organic soils are provided at a 1-km resolution for the entire 
State, excluding the North Pacific LCC, and represent aver-
aged model estimates from 1950 to 1960.

3.4.4. Soil Susceptibility to Climate Change 
The permafrost, soil carbon, and organic soils summaries 

presented in this study can yield useful information about the 
potential effects of climate change, particularly when multiple 
ecotype attributes are combined. For this purpose, ecotype 
means and measures of uncertainty from the multiple sources 
of relative frequency of NSP, relative frequency of organic 
soils, and mean ALT were combined in a database with 
ecotype estimates of frozen carbon and total organic carbon 
in the depth range of 0 to 1 m. This synthesis effort was 
constrained to the soil parameters presented in this chapter 
to focus on relative susceptibility. Important susceptibility 
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drivers, such as fire return interval and temperature, were not 
included and are included in other chapters. Six ecologically 
driven criteria were constructed with each criterion having its 
separate binary response (0 = false and 1= true). Generally, the 
first condition in these criteria sought to capture one-third of 
the ecotypes and subsequent condition constraints with other 
variables sought to identify the top two to six ecotypes. The 
six criteria consisted of:

1. Thicker soil organic layers provide protecting insulation 
for NSP (Johnson and others, 2013). To identify areas 
which may be prone to permafrost degradation, we 
selected ecotypes with a higher chance of having thin 
organic soils (relative frequency of organic soils less 
than 20 percent) and with permafrost close to the surface 
(relative frequency of NSP greater than 50 percent).

2. Criterion 2 is a subset of criterion 1. In the sensitive 
areas where criterion 1 is focused (NSP and thin organic 
soils), high uncertainty and wide variations in ecotype 
ALT would affect current and future hydrology and 
greenhouse-gas emissions significantly. Given the 
significance of future permafrost degradation related 
to greenhouse gases (Schaefer and others, 2011) and 
changing permafrost’s potential effects on hydrologic 
flows (Walvoord and others, 2012), ecotypes with 
high uncertainties of ALT could experience greater-
than-expected permafrost degradation and increased 
ecosystem respiration. We refined criterion 1 to NSP 
with thin organic soils, with an additional requirement 
of a relatively high uncertainty of ALT (inter-product 
ecotype ALT MAD greater than 6 cm). 

3. Moderate to high OLTs could be particularly susceptible 
to wildfire (Kasischke and Johnstone, 2005). The fire 
susceptibility criterion was defined here as an organic 
soil relative frequency greater than 20 percent and 
not to include land-cover types with low flammability 
(deciduous forests and wetlands). 

4. Thermokarst land surfaces often occur in regions with 
near-surface, ice-rich permafrost and moderate to thick 
soil organic layers. This criterion consisted of ecotypes 
with relative frequency of organic soils greater than 
20 percent, with the relative frequency of NSP greater 
than 50 percent, and with ALT less than 76 cm.

5. Areas with high carbon stocks in the organic layer and in 
the mineral layers in the top 1 to 1.5 m represent poten-
tial hot spots for massive carbon loss owing to warming, 
fires, and accelerated soil respiration and greenhouse-gas 
emissions (Schuur and others, 2008). This criterion was 
simply ecotypes with inter-product total profile soil 
carbon ecotype means greater than 40 kgC/m2.

Figure 3.5. Organic-layer thickness (OLT) estimates for Alaska. 
A, OLT derived from LANDCARBON (Pastick and others, 2015). 
B, OLT derived from the state soil geographic database (STATSGO). 
C, OLT simulated by the Dynamic Organic Soil version of the 
Terrestrial Ecosystem Model (DOS-TEM). DOS-TEM model 
estimates are not reported for the North Pacific LCC.

Figure 3-5
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6. Criterion 6 is a subset of criterion 5. Permafrost can 
contain significant organic carbon. If this permafrost 
carbon is close to the soil surface, it may be susceptible 
to thaw and be available for decomposition (Schuur 
and others, 2008). As permafrost thaws, the active layer 
thickens. This criterion consisted of ecotypes where 
the frozen carbon was greater than 10 kgC/m2 and the 
total carbon in the top 1 to 1.5 m of soil was more than 
40 kgC/m2.

These six diverse criteria were focused on known or 
expected dynamics of permafrost, carbon, and the organic 
layer in boreal and arctic systems. To summarize overall 
factors, a susceptibility score, or ranking, was computed by 
summing all of the binary criteria variables and using area 
as a tie-breaker.

3.5. Results and Discussion

3.5.1. Comparison of Soil Organic Carbon Estimates 

Generally, SOC densities of the three soil product 
properties (total profile, surface organic layer, and 1-m mineral 
layer; fig. 3.6) had the largest range of estimated values as well 
as high uncertainty in the Arctic LCC. Additional field data 
collection in these regions could reduce uncertainty in these 
important arctic systems. STATSGO SOC estimates appeared 
to be consistently low and MISHRA estimates tended to be 
consistently high in nearly all the ecotypes, but particularly so 
in the Arctic LCC. DOS-TEM estimates generally agreed with 
mean organic carbon estimates for each ecotype, falling within 
the range of estimates for 78 percent of the major ecotypes. 
However, in some forests of the Northwest Boreal LCC North, 

DOS-TEM SOC estimates were either near or below the lower 
data range of the SOC ecotype ranges. DOS-TEM estimates 
were only substantially above the range of other SOC estimates 
in the Northwest Boreal LCC South upland heath tundra. 

The SOC density of the surface organic layer had high 
magnitudes and narrow data ranges (less uncertainty) in the 
deciduous forest, black spruce forest, and white spruce forest 
in the Northwest Boreal LCC North lowlands. DOS-TEM esti-
mates of surface organic-layer carbon were substantially lower 
in these ecotypes and also in the Western Alaska LCC lowland 
shrub tundra. Thirty percent of all the ecotypes had DOS-TEM 
estimates within the soil organic-layer prediction range. The 
mean surface organic-layer carbon among all ecosystem types 
accounted for about 30 percent of the mean total soil carbon.

Only two spatial estimates (STATSGO and JOHNSON) of 
carbon in the mineral soil layer down to a depth of 1 m below 
the surface organic layer were available for comparison with 
estimates from DOS-TEM. The highest values for both spatial 
estimates occurred in the Arctic LCC. Disagreement between 
the two estimates and DOS-TEM estimates indicated possible 
overestimation by DOS-TEM in the Northwest Boreal LCC 
South upland heath tundra and the Western Alaska LCC. 

In terms of total soil carbon storage (in PgC) by LCC 
region, DOS-TEM SOC estimates were close to the mean and 
within the range of four products in the Arctic and Western 
Alaska LCCs (table 3.4). However, DOS-TEM estimates 
were 40 percent lower than the mean of all the products in 
the Northwest Boreal LCC North and 94 percent higher than 
the mean in the Northwest Boreal LCC South. These general 
differences were true even when compared to the JOHNSON 
SOC product with exactly comparable SOC by depth. Despite 
these differences in distribution of SOC pools by LCC region, 
when all the LCC regions were summed, DOS-TEM estimates 
were only 2 percent higher than the mean.

Table 3.4. Comparisons of soil organic carbon storage for each of the Landscape Conservation Cooperative (LCC) regions in 
Alaska (except the North Pacific LCC) estimated using spatial products and DOS-TEM outputs.

[PgC, petagram of carbon; STATSGO, state soil geographic database; NCSCDv2, Northern Circumpolar Soil Carbon Database version 2; CAVM, 
Circumpolar Arctic Vegetation Map; DOS-TEM, Dynamic Organic Soil version of the Terrestrial Ecosystem Model; OL, surface organic layer; 
MIN1m, mineral soil to 1-meter depth below the bottom of the surface organic layer; OL + MIN1m, the sum of OL and MIN1m; —, not applicable]

Product name Depth
Soil organic carbon (PgC)

Arctic 
LCC

Western 
Alaska LCC

Northwest Boreal 
LCC North

Northwest Boreal 
LCC South

Total 
or mean

JOHNSON OL + MIN1m 13.6 11.3 14.4 4.4 43.7
STATSGO OL + MIN1m 6.2 9.8 12.5 2.7 31.2
MISHRA “whole profile” 20.7 22.8 22.6 6.1 72.1
NCSCDv2 0 –152 centimeters 11.6 8.6 10.9 2.1 33.2
 Mean — 13.0 13.1 15.1 3.8 45.2

DOS-TEM OL + MIN1m 12.4 17.3 9.0 7.4 46.1
 MAD1 — 0.6 4.2 6.1 3.6 0.9

  % Diff 2 — 4.8 31.8 40.4 93.5 2.1
1Mean Absolute Difference (MAD) = |DOS-TEM – Mean|
2 % Diff  = (MAD / Mean) × 100
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Figure 3.6. Soil organic carbon (SOC) characterization for the largest (in terms of SOC, in petagrams of carbon, PgC) five or six ecotype 
classes in each Landscape Conservation Cooperative (LCC) region. Total baseline SOC estimates simulated by the Dynamic Organic 
Soil version of the Terrestrial Ecosystem Model (DOS-TEM). Total profile SOC density is the sum of the surface organic layer and the 
0- to 1-meter mineral layer for all estimates. “Mean” refers to the mean of all spatial products: JOHNSON, SOC from Johnson and others 
(2011); STATSGO, SOC from the state soil geographic database; MISHRA, SOC from Mishra and Riley (2012); NCSCDv2, SOC from the 
Northern Circumpolar Soil Carbon Database version 2; and CAVM, SOC from the Circumpolar Arctic Vegetation Map. Estimates are 
not reported for the North Pacific LCC.
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The lower estimate of SOC in the organic layer provided 
by DOS-TEM compared with the other models in the North-
west Boreal LCC North may be attributed to the effect of fire 
simulated in the model. The version of DOS-TEM used for the 
present assessment has been designed to reproduce the effect 
of fire on nitrogen and carbon cycles in the soil and vegetation 
and on the soil environment, including the re-accumulation 
of the organic layer after a fire (Yi and others, 2009, 2010). 
Furthermore, a fire severity model has also been implemented 
in order to reproduce the spatial and temporal variability of 
fire severity on the organic layer (Genet and others, 2013). 
During the model spin-up, the fire regime was simulated by a 
constant fire return interval computed from the historical fire 
records for Alaska. Because the fire return interval is shortest 
in the Northwest Boreal LCC North, more organic layer is 
burned and less SOC accumulates. 

The higher SOC in the mineral layers observed in 
DOS-TEM compared with the JOHNSON SOC and STATSGO 
SOC estimates in the Western Alaska LCC might be related to 
the underestimation of the effect of the warmer climate on soil 
decomposition processes in this region. However, given that 
there are only two products available for comparison and the 
low sample density in the Western Alaska LCC, there is less 
confidence that the mineral SOC product is a reliable reference.

3.5.2. Comparison of Permafrost Estimates
NSP estimates (fig. 3.2) were summarized as relative 

frequency in percent by LCC region and DOS-TEM land-
cover type in tables 3.5 and 3.6. According to empirically 
or numerically derived NSP products, NSP was estimated 
to underlie a large portion of Alaska with a wide range of 
estimates (36 to 67 percent). The mean NSP frequency of 
DOS-TEM outputs (44 percent) falls within this range. On 
average, NSP distributions followed north-to-south tempera-
ture gradients as expected, with the largest NSP frequencies 
in the Arctic LCC (73 percent), followed by the Northwest 
Boreal LCC North (55 percent), and Western Alaska LCC and 
Northwest Boreal LCC South (30 percent each). DOS-TEM 
outputs were consistently within the range of other model 
outputs and were (on average) within 3 percent of the mean 
of other products (table 3.5). 

A mean estimate (excluding DOS-TEM) of NSP frequen-
cies varied nearly seventyfold between DOS-TEM land-cover 
types (table 3.6). Graminoid tundra had the highest mean 
product frequency of being underlain by NSP (73 percent), 
followed by shrub tundra (60 percent), black spruce forest 
(53 percent), white spruce forest (52 percent), deciduous forest 
(40 percent), wet-sedge tundra (34 percent), nonvegetated areas 
(31 percent), heath tundra (29 percent), and maritime classes 
(1 percent). Vegetation succession can serve as a positive 
feedback to permafrost systems, where increasing components 
of soil organics and moisture can provide insulation to perma-
frost, consistent with higher NSP frequencies in white and 

black spruce forests (late successional stages) compared with 
deciduous forests (early successional stages). Furthermore, 
DOS-TEM outputs were significantly correlated (p-value 
<0.05) with mean product NSP frequencies when stratified 
by LCC region (coefficient of determination, R2 = 0.86; n =5) 
or land-cover type (R2 = 0.69; n = 9). Empirically derived 
NSP maps (that is, STATSGO and LANDCARBON) were 
significantly correlated when comparing NSP estimates 
stratified by LCC region (R2 =0.82; n=5) and DOS-TEM 
land-cover type (R2 = 0.63; n = 9). DOS-TEM outputs best 
correlated with the GIPL 1.3 map when examining mean 
NSP estimates stratified by LCC region (R2 = 0.98; n = 5) and 
DOS-TEM land-cover type (R2 = 0.72; n = 9). Large differences 
between model outputs are most evident for areas estimated 
to have little to no vegetation. Mean product NSP frequencies 
indicate that lowland areas are more frequently underlain by 
NSP than uplands in Alaska (57 percent versus 36 percent), 
consistent with trends in DOS-TEM outputs (49 percent versus 
41 percent). Large differences between mean NSP frequencies 
in uplands suggest that estimates of NSP distributions are 
relatively more uncertain for upland than lowland ecosystems, 
coinciding with large differences in NSP estimates for areas 
with little to no vegetation. A portion of these differences 
can be attributed to how models handled glaciated areas.

Finer scale comparisons were also made where NSP 
estimates were stratified by ecotype in each LCC region 
(excluding the North Pacific LCC; fig. 3.7). Empirically 
derived NSP maps were in global accordance with one another 
and with DOS-TEM outputs when mean frequency estimates 
are stratified by ecotype. For instance, the empirically derived 
NSP maps (that is, STATSGO and LANDCARBON) were 
significantly (p-value <0.05) correlated when estimates were 
stratified by ecotype in each LCC region (R2 = 0.83; n = 23). 
Additionally, DOS-TEM outputs were significantly correlated 
(R2 = 0.67; n = 23) with mean product NSP frequencies 
stratified by ecotype. Furthermore, in 87 percent of the major 
ecotype classes the DOS-TEM output is within the range of 
other products, whereas three of the DOS-TEM outputs were 
outside the range. The three low DOS-TEM outputs were 
within upland and lowland shrub tundra in the Western Alaska 
LCC and lowland deciduous forests in the Northwest Boreal 
LCC North. These significant differences could have a large 
effect on future model simulations because these ecotypes 
account for a substantial portion of Western Alaska LCC 
(33 percent) and Northwest Boreal LCC North (25 percent). 
The lower DOS-TEM estimate of NSP distribution compared 
with the other models in interior Alaska (Northwest Boreal 
LCC North) might be related to the lower estimate of OLT 
related to the effect of fire activity and high fire return interval 
in the region (see section 2.4.2.). With a thinner organic layer, 
the soil is less insulated from large variability of air tempera-
ture, especially high summer temperature. As a consequence, 
the annual mean of soil temperature increases, thawing 
permafrost and increasing ALT.
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Table 3.5. Comparisons of the frequency of near-surface (within 1 meter) permafrost, mean active-layer 
thickness, and frequency of organic soils for Landscape Conservation Cooperative (LCC) regions in Alaska 
(except the North Pacific LCC) estimated using spatial products and DOS-TEM outputs.

[Organic soils are defined here as those soils with a surface organic epipedon that is greater than or equal to 40 centimeters. LAND-
CARBON, data product developed for this assessment; STATSGO, state soil geographic database; GIPL 1.3, Geophysical Institute 
Permafrost Laboratory version 1.3 transient model; DOS-TEM, Dynamic Organic Soil version of the Terrestrial Ecosystem Model; 
NCSCDv2, Northern Circumpolar Soil Carbon Database version 2]

Product name
Landscape Conservation Cooperative region

Arctic 
LCC

Western 
 Alaska LCC

Northwest Boreal 
LCC North

Northwest Boreal 
LCC South

Mean

Frequency of near-surface permafrost (percent)

LANDCARBON 66 21 44 22 38
STATSGO 56 28 49 11 36
GIPL 1.3 97 41 72 57 67
 Mean 73 30 55 30 47
DOS-TEM 73 22 45 38 44
 MAD1 0 8 10 8 3
 % Diff2 0 26 19 25 5

Mean active-layer thickness (centimeter)

LANDCARBON 59.51 88.94 81.14 91.43 80.26
STATSGO 79.71 85.08 76.68 95.60 84.27
GIPL 1.3 60.88 85.55 78.49 78.34 75.81
 Mean 66.70 86.52 78.77 88.45 80.11
DOS-TEM 72.80 95.86 88.63 87.46 86.19
 MAD1 6.10 9.34 9.86 0.99 6.08
 % Diff2 9.14 10.79 12.51 1.12 7.58

Frequency of organic soils (percent)

LANDCARBON 6 31 35 19 24
STATSGO 27 25 37 9 30
NCSCDv2 4 13 7 2 8
 Mean 12 23 26 10 21
DOS-TEM 3 24 26 38 18
 MAD1 10 1 1 29 3
 % Diff2 77 4 2 298 15

1Mean Absolute Difference (MAD) = |DOS-TEM – Mean|
2 % Diff  = (MAD / Mean) × 100
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Table 3.6. Comparisons of the frequency of near-surface (within 1 meter) permafrost, mean active-layer thickness, and frequency of 
organic soils by DOS-TEM land-cover type estimated using spatial products and DOS-TEM outputs.

[Areas estimated to have active-layer thicknesses greater than 1 meter were given a value of 101 centimeters for direct comparison and to account for dif-
ferences in investigation depths. Organic soils are defined here as those soils with a surface organic epipedon that is greater than or equal to 40 centimeters. 
LANDCARBON, data product developed for this assessment; STATSGO, state soil geographic database; GIPL 1.3, Geophysical Institute Permafrost Labora-
tory version 1.3 transient model; DOS-TEM, Dynamic Organic Soil version of the Terrestrial Ecosystem Model; NCSCDv2, Northern Circumpolar Soil 
Carbon Database version 2]

Product name
Land-cover type

Black spruce 
forest

White spruce 
forest

Deciduous 
forest

Shrub  
tundra

Graminoid 
tundra

Wet-sedge 
tundra

Heath  
tundra

Non- 
vegetated

Frequency of near-surface permafrost (percent)

LANDCARBON 40 38 30 54 70 27 7 44
STATSGO 52 48 35 55 57 27 1 8
GIPL 1.3 66 70 55 71 93 49 77 40
 Mean 53 52 40 60 73 34 29 31
DOS-TEM 49 52 36 47 62 59 40 20
 MAD1 4 0 4 13 11 24 11 11
 % Diff2 7 1 9 22 15 71 39 35

Mean active-layer thickness (centimeter)

LANDCARBON 84.1 85.0 88.6 67.1 60.3 44.3 101.0 92.0
STATSGO 76.5 78.2 83.5 79.3 78.9 81.5 97.9 96.1
GIPL 1.3 80.2 77.9 83.3 72.5 59.7 39.6 101.0 85.8
 Mean 80.3 80.3 85.1 72.9 66.3 55.1 100.0 91.3
DOS-TEM 87.9 85.9 90.4 84.2 76.0 74.9 90.9 91.2
 MAD1 7.7 5.6 5.2 11.3 9.7 19.8 9.0 0.1
 % Diff2 9.5 6.9 6.2 15.5 14.7 35.9 9.0 0.1

Frequency of organic soils (percent)

LANDCARBON 34 32 36 16 10 48 1 7
STATSGO 40 36 27 22 38 39 1 17
NCSCDv2 8 8 5 6 6 28 0 8
 Mean 27 25 23 15 18 38 1 11
DOS-TEM 25 22 43 7 1 4 0 8
 MAD1 2 3 21 7 17 35 0 2
 % Diff2 8 13 91 49 95 90 62 21

1Mean Absolute Difference (MAD) = |DOS-TEM – Mean|
2 % Diff  = (MAD / Mean) × 100
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Figure 3.7. Permafrost and organic soil characterization for the largest (in terms of soil organic carbon, in petagrams 
of carbon) five or six ecotype classes in each Landscape Conservation Cooperative (LCC) region. Areas estimated to 
have active-layer thicknesses greater than 1 meter were given a value of 101 centimeters for direct comparison and 
to account for differences in investigation depths. Organic soils are defined here as those soils with a surface organic 
epipedon that is greater than or equal to 40 centimeters. “Mean” refers to the mean of all relevant estimates except the 
Dynamic Organic Soil version of the Terrestrial Ecosystem Model (DOS-TEM): LANDCARBON, permafrost and organic 
soil data from Pastick and others (2015); STATSGO, permafrost and organic soil data from the state soil geographic 
database; GIPL 1.3, permafrost data from the Geophysical Institute Permafrost Laboratory version 1.3 transient model; 
and NCSCDv2, organic soil data from the Northern Circumpolar Soil Carbon Database version 2.
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Spatial predictions of ALT (fig. 3.4) were also summa-
rized by LCC region and DOS-TEM land-cover type in 
tables 3.5 and 3.6. Areas where the ALT was estimated to 
be greater than 1 m were given a consistent value (101 cm) 
because of differences in investigation depths and for a direct 
comparison of ALT products. Empirically or numerically 
derived ALT estimates had a mean ALT of 80 cm in Alaska 
(excluding the North Pacific LCC), with a range of 76 to 84 cm 
between estimates (table 3.5). The mean ALT estimate of the 
DOS-TEM output (86 cm) was slightly outside the range of 
other products, but within the range of uncertainty between 
other products (that is, MAD from product averages was 
6 cm). The mean product ALT was thinnest in the Arctic LCC 
(67 cm), followed by the Northwest Boreal LCC North 
(79 cm), Western Alaska LCC (87 cm), and Northwest 
Boreal LCC South (88 cm). The mean ALT estimates of the 
DOS-TEM model were generally higher than other estimates. 
Furthermore, there was no significant correlation between 
DOS-TEM and mean product ALT estimates when stratified 
by LCC region. It is important to note, however, that there 
were significant correlations between mean ALT estimates 
of DOS-TEM, GIPL 1.3, and LANDCARBON when strati-
fied by LCC region (R2 > 0.75; n = 5). The lack of correlation 
between the mean product and DOS-TEM estimates was due 
to higher estimates of ALT in the STATSGO product for the 
Arctic LCC, which drives up the mean of other products. 
Higher Arctic LCC ALT estimates in the STATSGO product 
may stem from the fact that a frozen soil horizon was recorded 
in the database only if ice lenses were visible, not using 
a temperature criterion as in the definition of permafrost. 
Furthermore, there was no temporal constraint on those 
observations used during the creation of the STATSGO-
derived ALT map.

Mean product ALT estimates varied approximately 
twofold between DOS-TEM land-cover types with no 
significant correlation to mean product NSP frequency 
estimates (table 3.6). Wet-sedge tundra had the lowest mean 
product ALT (55 cm), followed by graminoid tundra (66 cm), 
shrub tundra (73 cm), black and white spruce forests (80 cm 
each), deciduous forest (85 cm), nonvegetated areas (91 cm), 
heath tundra (100 cm), and maritime vegetation (>100 cm). 
DOS-TEM ALT outputs were significantly correlated with the 
mean ALT of other products when stratified by land-cover type 
(R2 = 0.87; n = 9), despite 67 percent of the DOS-TEM outputs 
falling outside of the range of other ALT products. The largest 
differences between DOS-TEM output and the mean of other 
product ALT outputs were for tundra vegetation (that is, shrub, 
graminoid, wet-sedge, and heath tundra), which accounts for 
approximately 32 percent of Alaska, and where there is the 
largest range in other ALT estimates.

ALT estimates were also stratified and averaged by 
ecotype in each LCC region (excluding the North Pacific 
LCC; fig. 3.7). Empirically or numerically derived ALT maps 
were generally in global accordance with one another and with 
DOS-TEM outputs. For instance, the ALT maps produced by 

Pastick and others (2015) (LANDCARBON) and Marchenko 
and others (2008) (GIPL 1.3) were significantly correlated 
when ALT estimates are averaged by ecotype (R2 = 0.67; 
n = 23). The DOS-TEM and GIPL 1.3 products had the highest 
correlation (R2 = 0.78; n = 23) when comparing mean ALT 
estimates of each major ecotype, but DOS-TEM outputs were 
also significantly correlated (R2 = 0.73; n = 23) with estimates 
made by Pastick and others (2015) (LANDCARBON). 
DOS-TEM outputs were significantly correlated with the 
mean ALT of other outputs (R2 = 0.73; n = 23). Furthermore, 
in 48 percent of the ecotype classes, the DOS-TEM output 
was within the range of other products, whereas 12 of the 
DOS-TEM outputs were outside the range. It is important to 
note, however, that DOS-TEM ALT outputs were generally 
close to the intra-product means. For example, the rMAE 
or MAE of DOS-TEM outputs compared to the mean of 
all products was 8 percent or 7 cm, respectively. More than 
three-fourths of the high DOS-TEM outputs were for the 
Northwest Boreal LCC North and Western Alaska LCC, where 
permafrost is particularly vulnerable to climate warming (Shur 
and Jorgenson, 2007) and the ranges in mean ALT estimates 
are lowest. A spatially exhaustive comparison of continuous 
estimations of ALT could not be made because of differences 
in investigation depths.

3.5.3. Comparison of Soil Organic-Layer Estimates
Organic soil estimates were summarized by LCC 

region and DOS-TEM land-cover type in tables 3.5 and 3.6. 
According to observation-based OLT products, organic 
soils were estimated to underlie a fairly small portion of 
Alaska (excluding the North Pacific LCC) with a narrow 
range (8 to 30 percent) in frequency of occurrence. The 
mean organic soil frequency from DOS-TEM outputs 
(18 percent) falls within this range. On average, organic 
soils most frequently occurred in Northwest Boreal LCC 
North (26 percent), followed by the Western Alaska LCC 
(23 percent), the Arctic LCC (12 percent), and the Northwest 
Boreal LCC South (10 percent). At the LCC region level, 
DOS-TEM outputs were within the range of other products 
60 percent of the time, with the largest difference occurring 
in the Northwest Boreal LCC South (table 3.5). 

Wet-sedge tundra was estimated to be most frequently 
underlain by organic soils (38 percent; table 3.6), followed 
by black spruce forest (27 percent), white spruce forest 
(25 percent), deciduous forest (23 percent), graminoid tundra 
(18 percent), shrub tundra (15 percent), nonvegetated areas 
(11 percent), and heath tundra (1 percent). For a comparison, 
organic soil frequencies, as estimated in the LANDCARBON 
OLT product, varied considerably when stratified by NLCD 
class (wetlands and moss equal 97 to 100 percent; deciduous 
forest and dwarf shrub equal 0 to 8 percent) (Homer and 
others, 2007) but this land-cover dataset was also used for 
model development. DOS-TEM outputs were not significantly 
(p-value >0.18) correlated with the individual organic soil 
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products or the mean of those products when estimates 
were averaged by land-cover type. However, 63 percent of 
DOS-TEM outputs were within the range of other product 
estimates, with only three outputs outside of the range of 
other products. Moreover, two of the three outlier DOS-TEM 
outputs were only slightly outside the range of other products, 
with the largest difference occurring in areas mapped as 
wet-sedge tundra, which represents a small fraction (4 percent) 
of the land cover of Alaska. Empirical model estimates (that 
is, STATSGO, LANDCARBON) were significantly correlated 
(R2 = 0.53; n = 9) when stratified by land-cover type. 

Empirically derived organic soil maps are in global 
accordance with one another, when mean frequency estimates 
are stratified by ecotype in each LCC region, but less so in 
correspondence with DOS-TEM outputs (fig. 3.7). In 
57 percent of the ecotype classes, the DOS-TEM output 
is within the range of other products, whereas 10 of the 
DOS-TEM outputs were outside the range. Moreover, 
DOS-TEM outputs were not significantly correlated 
(p-value = 0.63; n = 23) with the mean of other estimates 

when stratified by ecotype in each LCC region. Mean product 
organic soil frequencies indicate that lowlands are more 
frequently underlain by organic soils than uplands in Alaska 
(32 percent versus 8 percent), a pattern not seen in DOS-TEM 
outputs (19 percent versus 22 percent). The Western Alaska 
LCC and Northwest Boreal LCC South had the largest 
differences in organic soil estimates. Large differences in 
the range of model outputs suggest that the simulation of 
thick soil organic layers is difficult, partially owing to a large 
and complex set of biophysical factors (for example, soil 
moisture, disturbances) influencing organic soil distributions, 
and that DOS-TEM outputs of organic soils are currently 
highly uncertain. 

3.5.4. Soil Susceptibility to Climate Change
The conceptual model of ecotype and soil susceptibility 

to climate change resulted in susceptibility scores ranging 
from a high of 4 to a low of 0. The map produced from this 
model can be seen in figure 3.8.

Figure 3.8. Overall soil susceptibility of major ecotypes in Alaska. Susceptibility was higher in ecotypes with greater respiration 
to the atmosphere, burning, and near-surface (within 1 meter) permafrost thaw.  
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The tundra ecotypes, Arctic LCC lowland graminoid, 
shrub, and wet-sedge tundra and Western Alaska LCC lowland 
shrub tundra, had the highest susceptibility scores. These four 
ecotypes had the highest total profile organic carbon product 
mean values, ranging from 44.5 to 66.9 kgC/m2, and generally 
high frozen organic carbon and NSP (in three out of the four 
ecotypes). Arctic LCC upland shrub and graminoid tundra 
ecotypes had intermediate susceptibility scores, which were 
driven by susceptibility of NSP and high uncertainty. The 
persistence of the Arctic LCC within these top susceptibility 
scores is compounded by also having the highest carbon stocks 
and high uncertainty of SOC densities (fig. 3.6). The Arctic 
LCC graminoid and shrub tundra ecotypes had the highest 
ecotype frequencies of NSP. Western Alaska LCC lowland 
shrub tundra makes up 33 percent of the Western Alaska LCC 
and has the second highest susceptibility score. DOS-TEM 
outputs in this ecotype tended to underestimate organic-layer 
carbon, NSP, and organic soil relative frequencies and to 
overestimate ALT in this system with known permafrost 
vulnerabilities (Shur and Jorgenson, 2007). Extended ground 
surveys linked with mapping efforts in these susceptible 
ecotypes could reduce uncertainty and provide more accurate 
baseline datasets for assessing future changes and effects. 

Ecotypes with low susceptibility scores (Northwest 
Boreal LCC North lowland black spruce, deciduous, and 
white spruce forests; Northwest Boreal LCC North upland 
black and white spruce forests; Northwest Boreal LCC South 
lowland black spruce forest; and Western Alaska LCC lowland 
wet-sedge tundra) further underscore the susceptibility of the 
Western Alaska LCC and Northwest Boreal LCC systems 
over the other remaining Alaska ecotypes, which had the 
lowest susceptibility scores. Low susceptibility scores of 
some Northwest Boreal LCC North ecotypes might have been 
higher if fire return interval or temperature were included in 
selected criteria. Given expected increases in fire severity 
and frequency (Barrett and others, 2011), this LCC region is 
important for understanding and forecasting future ecosystem 
responses. Organic-layer carbon estimates in Northwest 
Boreal LCC North lowland forest ecotypes had high magni-
tudes (fig. 3.6). DOS-TEM outputs for the Northwest Boreal 
LCC North tended to underestimate total profile carbon, soil 
organic-layer carbon, and mineral soil carbon (fig. 3.6) and 
to overestimate ALT (fig. 3.7). 

Ecotypes with the lowest susceptibility scores were 
Arctic LCC upland heath tundra; Northwest Boreal LCC 
North upland deciduous forest; Northwest Boreal LCC South 
lowland deciduous and white spruce forests; Northwest 
Boreal LCC South upland deciduous forest and heath and 
shrub tundra; Western Alaska LCC lowland deciduous forest; 
and Western Alaska LCC upland deciduous forest and shrub 
tundra. Remarkably the separation of northern and southern 
components of the Northwest Boreal LCC was captured in 

susceptibility scores based solely on soil properties with no 
fire probability or climate inputs.

Despite the discrepancies between DOS-TEM outputs 
and those of other products highlighted above, in general 
DOS-TEM did a reasonable job capturing the spatial variations 
of important high-latitude soil attributes. The DOS-TEM total 
profile carbon, soil organic-layer carbon, ALT, and organic soil 
relative frequency were within the other product data range 
for 78 percent, 30 percent, 48 percent, and 57 percent of the 
ecotypes, respectively. 

3.6. Conclusions
Soil carbon, permafrost, and organic soils are important 

components of high-latitude ecosystems. This chapter provides 
fundamental information as to the current state of knowledge 
of the distribution of these soil properties. This information 
will be of use for future field campaigns aimed at quantifying 
the resilience and vulnerability of high-latitude ecosystems to 
changes in climate and environment. 

The synoptic comparison of estimates from multiple soil 
products with those of a process-based model (DOS-TEM) 
was useful to (1) identify areas of high soil attribute uncer-
tainty, (2) identify areas of disagreement with the DOS-TEM 
estimates and mapped current conditions, (3) provide inter-
product mean values which may be useful as baseline data for 
assessing and understanding future changes, and (4) identify 
areas of potential susceptibility to changing climates through 
inter-soil attribute combinations. These uncertainties could 
help prioritize field collections and studies on ecotypes with 
high uncertainties and high soil carbon stocks (particularly, 
the Arctic LCC). Discrepancies between DOS-TEM and 
other product estimates in Northwest Boreal LCC North SOC 
and ALT and upland versus lowland OLT will be useful for 
informing the uncertainty of future ecosystem responses to a 
changing climate made by DOS-TEM. The high soil suscep-
tibility scores for the Arctic and Western Alaska LCCs may 
reinforce DOS-TEM future change projections.

This soil product spatial synthesis was constrained to 
the soil parameters presented in this chapter and was done 
at a relatively coarse resolution, at ecotype or coarser levels 
(LCC region or land-cover type). These coarser evaluation 
units helped to mitigate possible geolocation errors and to not 
penalize coarser polygon approaches. However, significant 
variations of permafrost and soil carbon related to adjacency 
to water and soil texture changes certainly occur within the 
broad ecotypes used in this study.

Refined and higher resolution products for Alaska can 
poten tially be used to better insure that the current status of 
Alaska systems are captured in process-based models. This would 
improve confidence of future predictions made by these models.
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