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KEY FINDINGS
1.     Factors that control terrestrial carbon storage are changing. Surface air temperature change is amplified 

in high-latitude regions, as seen in the Arctic where temperature rise is about 2.5 times faster than that 
for the whole Earth. Permafrost temperatures have been increasing over the last 40 years. Disturbance 
by fire (particularly fire frequency and extreme fire years) is higher now than in the middle of the last 
century (very high confidence).

2.     Soils in the northern circumpolar permafrost zone store 1,460 to 1,600 petagrams of organic carbon 
(Pg C), almost twice the amount contained in the atmosphere and about an order of magnitude more 
carbon than contained in plant biomass (55 Pg C), woody debris (16 Pg C), and litter (29 Pg C) in the 
boreal and tundra biomes combined. This large permafrost zone soil carbon pool has accumulated over 
hundreds to thousands of years. There are additional reservoirs in subsea permafrost and regions of 
deep sediments that are not added to this estimate because of data scarcity (very high confidence).

3.    Following the current trajectory of global and Arctic warming, 5% to 15% of the soil organic carbon 
stored in the northern circumpolar permafrost zone (mean 10% value equal to 146 to 160 Pg C) is 
considered vulnerable to release to the atmosphere by the year 2100. The potential carbon loss is likely 
to be up to an order of magnitude larger than the potential increase in carbon stored in plant biomass 
regionally under the same changing conditions (high confidence, very likely).

4.    Some Earth System Models project that high-latitude carbon releases will be offset largely by increased 
plant uptake. However, these findings are not always supported by empirical measurements or other 
assessments, suggesting that structural features of many models are still limited in representing Arctic 
and boreal zone processes (very high confidence, very likely).

Note: Confidence levels are provided as appropriate for quantitative, but not qualitative, Key Findings and statements.

11.1 Introduction
11.1.1 Drivers of Carbon Cycle Change
This assessment focuses on Arctic and boreal 
carbon pools and fluxes, particularly those included 
within the northern circumpolar permafrost 
(perennially frozen ground) zone, which includes 
tundra and a large fraction of the boreal biome. 
Current knowledge of the state of organic carbon in 
soils and vegetation is evaluated herein, along with 
the potential for these pools to change over time in 
response to disturbance regimes and changing cli-
mate. Changes in temperature and precipitation act 
as gradual “press” (i.e., continuous) disturbances 
that directly affect carbon stocks and fluxes by 
modifying the biological processes of photosynthe-
sis and respiration (LTER 2007). Climate changes 
also can modify the occurrence and magnitude of 
biological disturbances such as insect outbreaks as 
well as abrupt physical disturbances such as fire, 

extreme drought, and soil subsidence and erosion 
resulting from ice-rich permafrost thaw. These 
“pulse” (i.e., discrete) disturbances often are part of 
the ongoing successional cycle in Arctic and boreal 
ecosystems, but changing rates of occurrence alter 
the landscape distribution of successional eco-
system states, in turn, affecting landscape carbon 
storage. This overview introduces recent and 
expected trends in these drivers; their combined 
impact on carbon pools and fluxes is detailed later 
in the chapter.

Continuous Press Disturbances: 
Temperature, Precipitation
The most pronounced change in high-latitude climate 
during the last 40 to 50 years is the increase in mean 
annual surface air temperatures (see Figure 11.1, 
p. 430). Global temperature change is amplified in 
high-latitude regions, as seen in the Arctic where 
temperature rise is about 2.5 times faster than that 
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Figure 11.1. Difference in Mean Annual Arctic Surface Air Temperatures (in ºC) Between the Period 2001 
to 2015 and the Baseline Period 1971 to 2000. Data are from the Goddard Institute for Space Studies Surface 
Temperature Analysis (GISTEMP) within the National Aeronautics and Space Administration (data.giss.nasa.gov/
gistemp). [Figure source: Reprinted from Overland et al., 2014, used with permission under a Creative Commons 
license (CC-BY-NC-ND 3.0).]

for the whole Earth (IPCC 2013). Air temperature 
increased in the Arctic by 1 to 2°C over the last 20 
to 30 years (Overland et al., 2014). This increase 
was even more substantial (>3°C) in some regions 
of the Arctic Ocean and over the central and eastern 
parts of the Canadian Arctic Archipelago. Warming 
is most noticeable during the winter, but summer 

temperatures also are on the rise, and this differential 
is expected to continue in the future. The average air 
temperatures in the cold season (November through 
April) in Alaska, northern Canada, and in a large 
portion of Siberia have increased by 2 to 4°C between 
1961 and 2014. In contrast, the temperature increase 
in the warm half of the year (May through October) 

http://data.giss.nasa.gov/gistemp/
http://data.giss.nasa.gov/gistemp/
https://creativecommons.org/licenses/by-nc-nd/3.0/
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was between 1 and 2°C for the same regions and time 
interval (data.giss.nasa.gov/gistemp/maps).

The degree of projected future warming—dependent 
on the scenario of changes in greenhouse gas (GHG) 
emissions through time—ranges widely for different 
Earth System Models (ESMs). By 2050, the differ-
ences in these projections as a result of various Rep-
resentative Concentration Pathway (RCP) forcing 
scenarios (e.g., RCP4.5 and RCP8.5) are not large. 
Averaged across 36 ESMs, the projected mean annual 
air temperature increases for 60°N to 90°N by 2050 
is about 3.7°C compared to the 1981 to 2005 period 
2°C increase in the summer and 5.3°C increase in the 
winter (Overland et al., 2014). However, projections 
for 2100 differ significantly for RCP4.5 and RCP8.5. 
For 2100, the same models project a 4.3°C increase 
in mean annual temperature for RCP4.5 and an 8.7°C 
increase for RCP8.5. The summers are predicted to 
be warmer by 2.3°C for RCP4.5 and by 5.1°C for 
RCP8.5; winter temperatures are projected to rise 
by 6 and 12.5°C, respectively. Projected changes 
in precipitation are less consistent and vary signifi-
cantly from region to region and over different time 
intervals. However, most models project increasing 
precipitation in the Arctic, especially in the winter. 
The percentage increases are largest in the cold sea-
son and, as a result of the RCP8.5 scenario, over the 
Arctic Ocean (IPCC 2013).

Permafrost is technically defined as subsurface 
Earth materials (e.g., rock, soil, and ice) remaining 
<0°C for at least 2 consecutive years. Observed 
changes in climate triggered a substantial increase 
in permafrost temperatures during the last 40 years 
(Romanovsky et al., 2010, 2016; Smith et al., 2010). 
Based on data from a selection of sites with both 
long-term records and good geographical coverage, 
annual mean permafrost temperatures generally have 
been increasing (Noetzli et al., 2016; Romanovsky 
et al., 2016; see Figure 11.2, p. 432). The greatest 
temperature increase is found in colder permafrost 
(approximately –15 to –2°C) in the Arctic where 
current permafrost temperatures are more than 
2 to 2.5°C higher than they were 30 years ago. In 
areas with warmer permafrost (approximately –2 to 

0°C)—such as the southern and central Mackenzie 
Valley, interior Alaska, Siberia’s discontinuous per-
mafrost zone, and the Nordic region—the absolute 
temperature change in permafrost has been much 
smaller, with increases generally less than 1°C since 
the 1980s.

Permafrost change in these warmer regions typ-
ically involves near-surface degradation, as mea-
sured by the thickness of the seasonally thawed 
layer at the soil surface, which thaws in summer and 
refreezes in winter. This parameter is defined as the 
active layer thickness (ALT), the maximum thaw 
depth at the end of the summer. ALT responds 
more to short-term variation in climate as com-
pared to the deeper ground temperature. Ground-
based records of ALT, therefore, exhibit greater 
interannual variability, primarily in response to vari-
ation in summer temperature (Smith et al., 2009). 
Although decadal trends in ALT vary by region 
(Shiklomanov et al., 2012), most regions where 
long-term ground-based ALT observations are 
available show an increase in ALT during the last 5 
to 10 years (Romanovsky et al., 2016). These mea-
sured ALT increases actually may underestimate 
surface permafrost degradation because the ground 
surface can settle with permafrost thaw, obscuring 
actual changes in the permafrost surface using this 
metric (Shiklomanov et al., 2013). Recently, several 
direct and indirect remote-sensing methods were 
proposed for regional ALT estimations over large 
geographical areas using both airborne and space-
borne sensors (Gogineni et al., 2014; Liu et al., 
2012; Pastick et al., 2013). However, these methods 
are still in development and thus are not yet used 
in an operational mode. The increase in ground 
surface temperatures over the last 30 years triggered 
long-term permafrost thaw in natural conditions at 
many locations not only within the discontinuous 
permafrost zone, but also in the cold continuous 
permafrost (Drozdov et al., 2012; James et al., 
2013; Liljedahl et al., 2016; Malkova et al., 2014; 
Melnikov et al., 2015).

http://data.giss.nasa.gov/gistemp/maps
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Episodic Pulse Disturbances: 
Wildfire, Abrupt Thaw
Beyond documented change in climate that has 
affected permafrost directly as a press disturbance, 
recent observations suggest that climate-sensitive 
pulse disturbance events, such as wildfire and abrupt 
permafrost thaw, are increasing in frequency, inten-
sity, and extent across many high-latitude regions. 
Shifts in pulse disturbances are propelled by grad-
ual climate warming ( Jorgenson 2013); extreme 
weather events (Balser et al., 2014); insect and 

disease outbreaks (Kurz et al., 2008); and interac-
tions among disturbances, such as those between 
abrupt thaw and wildfire (Hu et al., 2010; Jones 
et al., 2015; Lara et al., 2016) or human activities 
( Jorgenson et al., 2006).

Of all pulse disturbance types, wildfire affects the 
most land area annually and is currently the best 
characterized at the regional to continental scale. 
Fire activity is intimately coupled to climatic varia-
tion in regions where fuel buildup is not limiting to 
burning (van Leeuwen et al., 2014). Recent climate 

Figure 11.2. Deep Permafrost Temperature Across a Latitudinal Transect in Alaska. (a) Location of the measure-
ment stations. Changes for northern Alaska (b) and interior Alaska (c). Rising permafrost temperatures are greatest 
for cold permafrost. [Figure source: Adapted and updated with new time-series data from the National Oceanic and 
Atmospheric Administration’s 2012 Arctic Report Card (NOAA 2012).]

(a)

(b)

(c)
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warming has been linked to increased wildfire 
activity in the boreal forest regions of Alaska (see 
Figure 11.3, this page; Kelly et al., 2013) and west-
ern Canada (Flannigan et al., 2009; Kasischke and 
Turetsky 2006), where fire has been part of historic 
disturbance regimes ( Johnson 1992). Based on 
satellite imagery, an estimated 8 million hectares 
(ha) of boreal area was burned globally per year 
from 1997 to 2011 (Giglio et al., 2013; van der Werf 
et al., 2010). Roughly 50% of this burned area is 
forested; the rest is classified as low-density forest 
savanna, shrubland, or, in the case of boreal Eurasia, 
cropland. Eurasian boreal forests account for 69% of 
global boreal forest area and approximately 70% of 
the boreal area burned (Giglio et al., 2013). How-
ever, extreme fire years in northern Canada during 
2014 and Alaska during 2015 doubled the long-term 
(1997 to 2011) average area burned annually in this 
region, surpassing Eurasia to contribute 60% of the 
global boreal area burned (Giglio et al., 2013; Mu 
et al., 2011; Randerson et al., 2012; van der Werf 

et al., 2010). These extreme North American fire 
years were balanced by lower-than-average area 
burned in Eurasian forests, resulting in a 5% overall 
increase in global boreal area burned. Decadal trends 
(Flannigan et al., 2009; Kasischke and Turetsky 
2006) and paleoecological reconstructions (Kelly 
et al., 2013) support the idea that area burned, fire 
frequency, and extreme fire years are higher now 
than in the first half of the last century, or even the 
last 10,000 years.

Fire also appears to be expanding as a novel dis-
turbance into tundra and forest-tundra boundary 
regions previously protected by cool, moist climate 
(Hu et al., 2010, 2015; Jones et al., 2009). The 
annual area burned in Arctic tundra is generally 
small compared to that in the forested boreal biome. 
However, the expansion of fire into tundra that has 
not experienced large-scale disturbance for centuries 
causes large reductions in soil carbon stocks (Mack 
et al., 2011), shifts in vegetation composition and 

Figure 11.3. Wildfire Occurrence in Alaska from 1939 to 2015. Bars on the left y-axis show area burned in hectares 
per year. Right y-axis and points connected by a line show the number of fires per year. [Figure source: Redrawn from 
Alaska Interagency Coordination Center, used with permission.]
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productivity (Bret-Harte et al., 2013), and can lead 
to widespread permafrost degradation ( Jones et al., 
2015). In Alaska—the only region where estimates 
of burned area exist for both boreal forest and 
tundra vegetation types—tundra burning averaged 
approximately 0.3 million ha per year during the 
last half century (French et al., 2015), accounting 
for 12% of the average annual area burned through-
out the state. Change in the rate of tundra burning 
projected for this century is highly uncertain (Rupp 
et al., 2016), but these regions appear to be particu-
larly vulnerable to climatically induced shifts in fire 
activity. Modeled estimates range from a reduction 
in activity based on a regional process-model study 
of Alaska (Rupp et al., 2016) to a fourfold increase 
across the circumboreal region estimated using a 
statistical approach (Young et al., 2016).

Variability in northern fire regimes ultimately is a 
product of both climate and ecological controls over 
fuel characteristics and accumulation. Fire regime 
affects vegetation composition and productivity, 
creating the potential for fire-vegetation feedbacks 
to emerge that either increase or decrease fire 
activity at the regional scale. Although interannual 
variability in the fire regime is high across Alaska 
and western Canada, fire frequency and area burned 
have increased in recent years (Rupp et al., 2016). 
This trend is projected to continue for the rest of 
the century across most of this region for many 
climate scenarios, with the boreal region projected 
to have the greatest increase in total area burned 
(Balshi et al., 2009; Rupp et al., 2016). As fire 
activity increases, however, flammable vegetation, 
such as the black spruce forest that dominates boreal 
Alaska, is projected to decline as it is replaced by 
low-flammability deciduous forest. This shift in fuel 
flammability and accumulation rate could create 
regional-scale feedbacks that reduce the spread 
of fire on the landscape, even as the frequency of 
fire weather increases ( Johnstone et al., 2011). In 
western Canada, by contrast, black spruce could 
be replaced by the even more flammable jack pine, 
creating regional-scale feedbacks that increase the 
spread of fire on the landscape ( Johnson 1992). In 
tundra regions, graminoid (herbaceous, grass-like) 

tundra is projected to decrease in future climate 
scenarios, while flammable shrub tundra generally is 
projected to increase (Rupp et al., 2016). Similarly, 
tree migration into tundra could further increase 
fuel loading and flammability, creating novel fire 
regimes in these highly sensitive areas. Each of these 
scenarios has important implications for carbon 
release during fire.

11.1.2 Geographical Coverage
Most permafrost is located in the Northern Hemi-
sphere, where the permafrost zone occupies 24% of 
the exposed land surface (22.8 × 106 km2; Brown 
et al., 1998, revised February 2001; Zhang et al., 
2000; see Figure 11.4, p. 435). Within the North-
ern Hemisphere, 47% of the permafrost zone is 
classified as continuous permafrost, where >90% 
of the land surface is underlain by frozen ground. 
Another 19% is classified as discontinuous per-
mafrost, where 50% to 90% of the land surface is 
underlain by frozen ground. The remaining 34% of 
the total permafrost zone is split between sporadic 
and isolated permafrost, where 10% to 50% and 
<10% of the land surface is underlain by frozen 
ground, respectively. Soils in this region cover 
17.8 × 106 km2; this subset of the entire perma-
frost zone excludes exposed bedrock, glaciers, ice 
sheets, and water bodies, which, with the exception 
of water bodies, contain little to no organic carbon 
stocks (Hugelius et al., 2014). Alaska, Canada, 
and Greenland comprise 39% of the soil area, and 
Eurasia (including Russia, Mongolia, and Scandi-
navia) comprises 61%. The northern circumpolar 
permafrost zone is used for soil carbon accounting 
and is largely comparable to most tundra and a large 
fraction of the boreal biome in the Northern Hemi-
sphere but does not overlap with them completely 
(see Figure 11.4). Biome regions are used for veg-
etation carbon accounting and cover 5 × 106 km2 
(tundra) and 12 × 106 km2 (boreal forest), respec-
tively ( Jobbágy and Jackson 2000; Margolis et al., 
2015; Neigh et al., 2013; Raynolds et al., 2012). 
The Tibetan plateau is outside of the geographical 
scope of this chapter described above. Permafrost 
underlays 1.35 × 106 km2, 67% of the total plateau 
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area, but is not classified within the tundra or 
boreal biome. Due to its permafrost, the soil carbon 
inventory is briefly discussed in this chapter in the 
context of the circumpolar permafrost zone soil 
carbon inventory.

11.1.3 Temporal Coverage
The Arctic is remote and understudied compared 
with more populated areas of Earth. As a result, 
state-of-the-art quantification of carbon pools still is 

being conducted for current conditions rather than 
as repeat measurements through time. However, a 
few sites have been recording time-series measure-
ments of carbon fluxes over a few decades, although 
with severely restricted spatial coverage considering 
the large geographical scale of this domain (e.g., see 
Belshe et al., 2013). Observation-based changes in 
carbon cycling extend back to the 1970s, and this 
chapter focuses on historical model simulations 
that estimate the 50-year period from 1960 to 2009. 

Figure 11.4. Permafrost Zones and Biome Area for Tundra and Boreal Regions. Blue areas are permafrost zones, 
with the legend showing percent of ground underlain by permafrost. Green dots and hashed lines define biome areas 
and their intersections with permafrost across some, but not all, of the region. Tundra and boreal regions outlined here 
are larger in area than regions quantified for carbon in this chapter, which focuses specifically on Arctic tundra and 
boreal forest. [Figure source: Christopher DeRolph, Oak Ridge National Laboratory. Data sources: Derived from the 
International Permafrost Association; Brown et al., 1997, 1998—revised February 2001; Olson et al., 2001; and World 
Wildlife Fund 2012.]
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Forward projections typically span the time frame 
until 2100 using future climate projections based 
on emissions scenarios from the Intergovernmental 
Panel on Climate Change (IPCC).

11.2 Historical Context of 
Vegetation and Soil Carbon Pools
A unique feature of carbon pools in the northern 
permafrost zone compared with those in other 
biomes is the predominance of carbon stored in 
soils as a proportion of the total ecosystem carbon 
stock (Chapin et al., 2011). This feature partly arises 
from the harsh environmental conditions and short 
growing season that limit plant biomass. Boreal 
forest often is characterized by low tree density (i.e., 
stems per hectare) and small tree size, while tundra 
comprises low-statured vegetation including dwarf 
shrubs and graminoids with an understory of mosses 
(Dixon et al., 1994). Despite low plant biomass 
and low primary production (i.e., the amount of 
new carbon that plants transfer into the ecosystem 
annually), ecosystem carbon storage can be largely 
due to the tremendous quantity of carbon stored 
as soil organic matter. This organic matter is the 
remains of plants, animals, and microbes that have 
lived and died in these ecosystems over hundreds to 
thousands of years. Soil carbon accumulates in all 
systems (see Ch. 12: Soils, p. 469), and the overall 
mechanisms of soil carbon preservation are the same 
at high latitudes (Post et al., 1982). What makes soil 
carbon density particularly high in these biomes is 
the combination of frozen soils (either seasonally in 
the surface soil active layer or perennially in the per-
mafrost) and waterlogging that restricts the resupply 
of oxygen below ground (Gorham 1991; Jones et al., 
2017; Treat et al., 2016). Cold and water-saturated 
conditions reduce organic matter decomposition 
rates, leading to substantial soil carbon accumulation 
even though annual inputs of new carbon by plants 
is relatively low (see Figure 11.5, this page; Hob-
bie et al., 2000). In fact, water-saturated soils are a 
common feature of high-latitude ecosystems, even 
beyond those defined as wetlands. This saturation 
results from restriction of the downward movement 
of surface water by permafrost, creating a perched 
water table within the soil profile of mesic and drier 

upland ecosystems as well as lowland ecosystems. 
Waterlogged and frozen conditions slow both micro-
bial decomposition and combustion by fire, which 
are primary mechanisms returning carbon from the 
soil back to the atmosphere. Both of these environ-
mental conditions that slow decomposition increase 
in magnitude, intensity, and effect moving down into 
the soil profile. In addition, soil waterlogging also 
helps to control whether carbon returns to the atmo-
sphere as carbon dioxide (CO2) or methane (CH4), 
both of which are important GHGs exchanged 
between high-latitude terrestrial ecosystems and the 
atmosphere.

Several features of soil development in the perma-
frost zone have the effect of transporting carbon 
from the surface (where it enters the ecosystem 

Figure 11.5. Mechanisms of Soil Carbon Stabiliza-
tion Associated with Different Soil Orders in the 
Northern Circumpolar Permafrost Zone. Gelisol soils 
have a seasonally frozen active layer at the soil sur-
face and perennially frozen (permafrost) layer at depth. 
Histosol and other soil orders in the permafrost zone 
have seasonally frozen soil at the surface. Of the Gelisol 
soils, freeze-thaw mixing is indicative of the Turbel sub-
order and waterlogging of the Histel suborder; Orthels 
do not have characteristics of the first two suborders. 
Mineral complexation and other mechanisms preserving 
carbon are features of all soils but are labeled here as 
soil orders and suborders not strongly characterized 
by freeze-thaw processes or waterlogging. Pie area 
represents proportional storage of carbon (soil depth of 
0 to 3 m) in the permafrost zone. [Data source: Hugelius 
et al., 2014; see also Table 11.1, p. 439.]
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through plant tissue turnover and mortality) to 
depth (see Figure 11.6, this page; Schuur et al., 
2008). Freeze-thaw mixing (cryoturbation) occurs 
in permafrost soils. Cold air temperatures in the 
fall begin freezing soils from the surface downward, 
while the permafrost at depth simultaneously 
refreezes soils at the base of the active layer upward. 
This process exerts pressure on the middle soil 
layer that can push soil upward to release pressure 
through cracks to the surface. As a result, surface 
carbon is mixed at high concentrations deeper 
into the soil profile than it otherwise would have 
been, effectively increasing the limiting factors of 
temperature and waterlogging on decomposition. 
Another landscape-level feature of soil development 
that leads to relatively high carbon at depth is the 

upward accumulation of soil and permafrost that 
occurs in high latitudes, particularly regions not 
covered by ice during the last glacial period, which 
peaked roughly 20,000 years ago (Schirrmeister 
et al., 2002). Ice sheets covered large areas of Can-
ada, Eurasia, and Greenland, but in Alaska, Siberia, 
and Beringia (i.e., the land connection between 
the two continents that was exposed by lower sea 
levels), a large swath of land remained free of ice 
because of dry conditions and low precipitation. 
These unglaciated areas received deposits of silt 
material generated at the margins of ice sheets and 
glaciers and transported by wind and water. Sed-
iment accumulated in some areas at rates of cen-
timeters per year, which effectively increased soil 
surface elevation. Permafrost depth in these soils 

Figure 11.6. Soil Carbon Distribution in Major Suborders of the Gelisol Soil Order. Carbon in suborders Histel, 
Turbel, and Orthel of Gelisol (permafrost-affected soils) is shown distributed by depth and horizon type. Purple colors 
indicate organic horizons (>20% carbon) with less (fibrous) or more (amorphous) decomposition. Cryoturbation 
(freeze-thaw mixing) brings relatively carbon-rich material from the surface deeper into the soil profile. Soil horizons at 
depth can show evidence of periodically waterlogged (oxygen-limited) conditions (gleyed), or not (nongleyed). [Figure 
source: Redrawn from Harden et al., 2012, used with permission.]
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is controlled, in part, by the insulating effect of the 
overlying soil, and, with increased soil elevation, the 
permafrost table also moved upward, which trapped 
plant roots and other organic matter at depth into 
permafrost (Zimov et al., 2006). Additionally, these 
soils accumulated carbon over tens to hundreds of 
thousands of years, whereas ecosystems covered by 
ice sheets in the Last Glacial Maximum only started 
accumulating their current soil carbon stocks since 
the transition to the Holocene (Harden et al., 1992). 
Length of time for carbon accumulation, however, 
is not as important as some of the direct limits to 
microbial decomposition, in terms of overall soil 
carbon stocks. For example, large areas such as the 
Hudson Bay Lowlands and the Western Siberian 
peatlands accumulated high carbon stocks since the 
retreat of ice sheets in the last 10,000 years because 
of persistent waterlogged conditions (Smith et al., 
2004; Loisel et al., 2014). Lastly, the direct human 
footprint on carbon pools and fluxes in this region 
is small relative to other biomes. More than 80% of 
tundra and boreal biomes fall into the land-use cate-
gories of “remote forest,” “wild forest,” “sparse trees,” 
and “barren” (Ellis and Ramankutty 2008). Forest 
harvest is the primary land-use activity affecting eco-
system carbon, with fire management also playing a 
role, but both occur on a relatively small proportion 
of the overall region. More broadly, impacts to the 
region’s carbon cycle more likely occur indirectly 
through 1) changes in climate, such as temperature, 
precipitation, and growing season length; 2) changes 
in pulse disturbances, such as wildfires, abrupt thaw, 
and insects; and 3) rising atmospheric CO2, which 
has the potential to alter ecosystems everywhere.

11.3 Current Understanding 
of Carbon Pools and Fluxes
11.3.1 Soil Carbon Pools
The total pool of organic carbon stored in perma-
frost zone soils comprises carbon frozen at depth in 
peatlands (>20% carbon) and carbon mixed with 
mineral soils (<20% carbon). Each type dominates 
different locations in the Northern Hemisphere, 
depending on physiographic and environmental 
characteristics (Gorham 1991; Jobbágy and Jackson 
2000; Mishra and Riley 2012; Post et al., 1982; 

Tarnocai et al., 2009). Recent work has shown 
permafrost soil carbon pools to be much larger 
at depth than previously recognized because of 
cryogenic (freeze-thaw) mixing (Bockheim and 
Hinkel 2007; Ping et al., 2008) and sediment 
deposition (Schirrmeister et al., 2002, 2011; 
Zimov et al., 2006). In particular, the 1.2 × 106 km2 
“yedoma” region (i.e., areas of Siberia and Alaska 
that remained ice-free during the last Ice Age) 
contains accumulated silt (loess) soils many meters 
thick. Even though carbon concentrations of these 
mineral soils are not remarkably high (0.2% to 2% 
carbon), the depths of these sediments give rise to 
large carbon inventories.

The current best estimate of total soil organic 
carbon (terrestrial) in the northern circumpolar per-
mafrost zone is 1,460 to 1,600 petagrams (Pg; 1 Pg 
= 1 billion metric tons; Hugelius et al., 2014; Schuur 
et al., 2015; Strauss et al., 2017). This inventory 
includes all soil orders within the permafrost zone 
and thus also counts carbon in nonpermafrost soil 
orders, active-layer carbon that thaws seasonally, and 
peatlands. All permafrost zone soils estimated to 3 m 
in depth contain 1035 ± 150 Pg of carbon (C; see 
Table 11.1, p. 439, and Figure 11.7a, p. 440). Based 
on somewhat earlier estimates for the 1-m inventory, 
two-thirds of the soil carbon pool is in Eurasia, with 
the remaining one-third in North America, includ-
ing Greenland (Tarnocai et al., 2009).

New synthesis reports account for 327 to 466 Pg C 
in deep loess (wind- and water-borne) sediment 
accumulations below 3 m in Siberia and Alaska 
(Strauss et al., 2013, 2017; Walter Anthony et al., 
2014; Zimov et al., 2006; see Figure 11.7b, p. 440). 
This yedoma region contains both intact yedoma 
deposits that have remained primarily frozen since 
the last glacial period and deposits where abrupt 
thaw led to ground subsidence (thermokarst) and 
lake formation. These thermokarst lake deposits 
later refroze into permafrost when the lakes drained. 
The carbon density of intact yedoma is now thought 
to be lower than previously estimated because of 
revisions in soil bulk density estimates to account 
for excess pore ice (Schirrmeister et al., 2011). 
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In contrast, thermokarst lake deposits previously 
believed to have depleted soil carbon stocks are now 
thought to have accumulated net soil carbon (Walter 
Anthony et al., 2014). The discovery of increased 
net soil carbon as a result of the thermokarst lake 
cycle compensated in part for the downward revi-
sion of the carbon pool contained in intact yedoma 
(Strauss et al., 2013; Walter Anthony et al., 2014). 
The range here represents different methodologies 
for scaling carbon pools and also accounts for car-
bon remaining in thawed sediments below currently 
existing lakes (high estimate only).

River deltas are now thought to contain 96 ± 55 Pg C, 
a quantity much less than originally estimated for 
these deep deposits (Hugelius et al., 2014; Strauss et 
al., 2017; Tarnocai et al., 2009). However, other deep 
sediment deposits located over 5 × 106 km2 outside 
the yedoma and delta areas are not included in the 
total soil carbon stock reported here. Simple calcu-
lations based on extremely limited data suggest that 
these regions may roughly contain an additional 350 
to 465 Pg C, but more sampling and data synthesis 
are needed to verify or revise estimates of these 
potential deep permafrost carbon deposits (Schuur 
et al., 2015; see Figure 11.7b, p. 440).

Two additional pools of permafrost carbon are not 
included in the permafrost carbon pool summarized 

previously. The first are new estimates for the per-
mafrost region of the Tibetan plateau that are built 
on earlier work (Wang et al., 2008), which now place 
15.3 Pg C in the top 3 m of soil (Ding et al., 2016). 
This new carbon inventory extended deep carbon 
measurements substantially and used improved 
upscaling techniques, resulting in a somewhat smaller 
inventory for Tibetan permafrost than had been 
reported previously (Mu et al., 2015). An additional 
20.4 Pg C are contained in 1-m inventories of per-
mafrost soils in northern China estimated by earlier 
first-order inventories (Luo et al., 2000) for a total of 
35.7 Pg C for this region as a whole.

The second uncounted pool is a reservoir of organic 
carbon in permafrost stored on the continental 
shelf under the Arctic Ocean (Brown et al., 1998—
revised February 2001; Rogers and Morack 1980). 
This undersea permafrost carbon initially formed 
on land as the continental shelf was exposed when 
sea level was approximately 120 m lower during the 
last glacial period (Walter et al., 2007). Subsequent 
inundation of this area at the Pleistocene-Holocene 
transition started thawing this loess permafrost 
(Rachold et al., 2007). No reliable published esti-
mates exist for the total organic carbon in this subsea 
pool (setting aside inorganic CH4 clathrates), but 
yedoma deposits are thought to have covered much 

Table 11.1. Soil Carbon Pools to 3 m in Depth for the Northern Circumpolar Permafrost Zone

Soil Orders Soil Suborders
Soil Carbon Pool 

(Pg C, 0 to 3 m in depth)
Area 

(×106 km2)

Gelisol

Turbels 476 6.2

Orthels 98 2.5

Histels 153 1.4

Histosol, Organic 149 0.9

Non-Gelisol, Mineral 158 6.8

Total Circumpolar 1,035a 17.8

Soil suborders are shown for Gelisol (permafrost soil order) only, but soil carbon (petagrams of carbon [Pg C]) in this zone also 
is contained in Histosol (peat soil) and non-Gelisol soil orders (various). Data are from Hugelius et al. (2014).
Notes
a) Total is different from the sum due to rounding.
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(a)

(b)

Figure 11.7. Soil Organic (SOC) Carbon Maps. (a) The SOC pool in kg of carbon per m2 contained in the 
interval of 0 to 3 m in depth of the northern circumpolar permafrost zone. Black dots show field site locations for 
carbon inventory measurements of 0 to 3 m. (b) Deep permafrost carbon pools (>3 m), including the location of 
major permafrost-affected river deltas (green triangles); extent of the yedoma region previously used to estimate 
the carbon content of these deposits (yellow); current extent of yedoma-region soils largely unaffected by thaw-
lake cycles that alter original carbon content (red); and extent of thick sediments overlying bedrock (black hashed). 
Yedoma regions generally are also thick sediments. The base map layer shows permafrost distribution with contin-
uous regions to the north having permafrost everywhere (>90%, purple shading) and discontinuous regions further 
south having permafrost in some, but not all, locations (<90%, pink shading). [Figure source: Reprinted from Schuur 
et al., 2015, copyright Macmillan Publishers Ltd, used with permission.]
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of the shallow shelf during its exposure. Although 
there are no shelf carbon inventories comparable to 
those for land, the shallow shelf area exposed as dry 
land in the area around Alaska and Siberia during 
the last Ice Age (currently 125 m deep in the ocean) 
is almost 3 × 106 km2, or about 2.5 times the size 
of the current terrestrial yedoma region (Brosius 
et al., 2012; Strauss et al., 2013). At the same time, 
submergence over thousands of years helped thaw 
permafrost, exposing organic carbon to decomposi-
tion, potentially under anaerobic conditions. These 
processes and conditions would have converted a 
portion of the carbon pool to CO2 and CH4, leaving 
an unknown quantity of organic carbon remaining 
in both the sediment and the permafrost that per-
sists under the ocean.

Soils in the top 3 m of the rest of Earth’s biomes 
(excluding Arctic and boreal biomes) contain 
2,050 Pg organic carbon ( Jobbágy and Jackson 
2000). The soil carbon quantified here from the 
northern circumpolar permafrost zone adds another 
50% to this 3-m inventory, even though it occupies 
only 15% of the total global soil area (Schuur et al., 
2015). Making this comparison with deposits 
deeper than 3 m (such as those in yedoma) is 
difficult because deeper deposits are not always as 
systematically quantified in soil carbon inventories 
outside the permafrost zone. Assuming that perma-
frost has preserved deep carbon stocks at higher lev-
els than elsewhere on Earth, the proportion of total 
soil carbon contained in the northern circumpolar 
permafrost region could be even larger.

11.3.2 Vegetation Carbon Pools
Most carbon stored in the vegetation of northern 
high latitudes is in boreal forests, which account 
for one-third of global forests (Pan et al., 2011). 
Nonsoil carbon pools of the boreal forest consist 
of deadwood, litter, and above- and belowground 
live biomass (Pan et al., 2011). The boreal zone, 
generally defined by latitudes between 45°N and 
70°N (Margolis et al., 2015; McGuire et al., 2009; 
Neigh et al., 2013), is characterized by tundra at the 
northern boundary and temperate forest, steppe, or 
prairie at the southern boundary (see Figure 11.4, 

p. 435). Spruce, pine, and fir are typical coniferous 
tree species within the boreal zone mixed with 
deciduous species of larch, birch, alder, and aspen 
(Neigh et al., 2013). The North American boreal 
zone spans a total area of 3.73 × 106 km2, which 
is one-third of the entire circumpolar boreal zone 
(11.35 × 106 km2 to 11.93 × 106 km2; see Table 11.2, 
p. 442; Neigh et al., 2013; Pan et al., 2011). Biomass 
estimates for boreal forests mostly exclude root bio-
mass because it is not measured in many inventories. 
This chapter uses a ratio of 0.27 for root-to-total 
phytomass (Saugier et al., 2001) and calculates total 
carbon pools for the boreal zone (see Table 11.2). 
Numbers are presented for Alaska, eastern and west-
ern Canada, and the circumpolar North using the 
aboveground biomass values reported in Margolis 
et al. (2015) and Neigh et al., (2013), which com-
bine satellite light detection and ranging (LIDAR), 
airborne LIDAR, and ground plot estimates.

Half the carbon in Alaska and Canada’s boreal zone 
is stored in coniferous forests; this is also true for 
the entire circumpolar region (7.66 Pg C in North 
America; see Table 11.2, p. 442). The second largest 
forest type is “mixed wood” (i.e., coniferous and 
deciduous trees) followed by “hardwood” (i.e., 
deciduous trees), which together account for 35% 
to 42% of the total boreal vegetation carbon stocks. 
A small portion of vegetation carbon in the boreal 
zone is found in the biomass of wetlands (5% to 
12%) and in burned areas (about 1%). A separate 
synthesis reported 14.0 Pg C for all living biomass 
(both above and below ground) in Canada, cover-
ing 2.29 × 106 km2; Pan et al., 2011). Estimates for 
that synthesis were based on forest inventory data; 
growth and yield data; and data on natural distur-
bances, forest management, and land-use change. 
Because forest inventory data were used, areas 
covering 1.18 × 106 km2 of unmanaged boreal forest 
in Canada and 0.51 × 106 km2 of unmanaged forest 
in Alaska were excluded, but, in general, the stock-
based carbon numbers are similar to the remotely 
sensed estimates for Canada and the circumpolar 
North. Discrepancies in carbon pools could arise 
from different measurement approaches and the 
known limitations of satellite-based LIDAR measure-
ments in steep topography (Margolis et al., 2015).
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Table 11.2. Vegetation Carbon Pools for North America and Global Northern High-Latitude Regions

Vegetation Type Region/Ecosystem
Vegetation Carbon Pool  

(Pg C)
Area  

(× 106 km2)

Boreal Forest

Alaska

Wetlands 0.09 0.06

Hardwood 0.3 0.05

Conifer 0.79 0.21

Mixed Wood 0.24 0.05

Burned 0.02 0.01

Total Alaska 1.51 0.37

Canada

Wetlands 1.61 0.78

Hardwood 1.84 0.27

Conifer 6.87 1.7

Mixed Wood 3.05 0.53

Burned 0.14 0.04

Total Canada 13.56 3.36

Circumboreal

Wetlands 2.21 1.25

Hardwood 2.44 0.37

Conifer 27.6 7.28

Mixed Wood 19.26 2.84

Burned 0.48 0.18

Total Circumboreal 52.05 11.93

Tundra

Alaska 0.35 0.48

Canada 1.01 2.34

Total Circumpolara 3.17 4.98

Boreal forest vegetation carbon includes carbon in above- (Neigh et al., 2013) and belowground live biomass. Belowground 
numbers were calculated based on root–to–total biomass ratios (after Saugier et al., 2001). Ratios are 0.27 for boreal forests 
and 0.62 for tundra biomass. Tundra area data exclude ice caps and large water bodies (Raynolds et al., 2012). Estimates for 
deadwood carbon and litter carbon pools are reported in the main chapter text. Totals are reported from the original publica-
tion (Neigh et al., 2013) and, in some cases, may not match the component sums exactly due to rounding differences.
Notes
a)  Total circumpolar also includes estimates for Eurasia (data not shown). Eurasia quantities are equivalent to the total minus 

the estimates for Alaska and Canada.

The Arctic tundra vegetation zone is north of the 
boreal tree line, extending all the way above 80°N 
latitude in the Canadian High Arctic and is described 
in detail in the circumpolar Arctic vegetation 
map (see Figure 11.4, p. 435; Walker et al., 2009). 

Recent estimates quantified a total vegetated area of 
4.98 × 106 km2 in the circumpolar tundra zone, of 
which a little less than half is in Canada and about 
10% in Alaska (see Table 11.2, this page; Raynolds 
et al., 2012). Tundra vegetation mostly consists of 
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shrubland, peaty graminoid tundra, mountain com-
plexes, barrens, graminoid tundra, prostrate shrubs, 
and wetlands (Walker et al., 2009). Using a relation-
ship of aboveground biomass and the normalized 
difference vegetation index (NDVI), the North Amer-
ican tundra zone is estimated to contain 1.03 Pg C in 
aboveground plant biomass (0.27 Pg C in Alaska and 
0.76 Pg C in Canada; Raynolds et al., 2012). Assum-
ing that 62% of the total tundra biomass is below 
ground (Saugier et al., 2001) and half the biomass is 
carbon (Epstein et al., 2012), there is a total carbon 
stock of 1.36 Pg C contained in North American tun-
dra vegetation (see Table 11.2, p. 442). For the entire 
circumpolar region, this amount is equal to 3.17 Pg C. 
There is an offset in land area between the soil carbon 
and vegetation carbon estimates of 0.89 × 106 km2, 
which is likely either non-Arctic (sub-Arctic or alpine) 
tundra or sparse conifer forest (taiga). Using tundra 
carbon pools as a low-end estimate, there could be 
another 0.57 Pg C in vegetation biomass contained on 
these lands but not reported in Table 11.2.

Earlier estimates for vegetation carbon in northern 
high latitudes reported 5 Pg C in Alaska, 12 Pg C 
in Canada, and 60 to 70 Pg C for the circumpolar 
North (McGuire et al., 2009). Although previous 
carbon estimates for Canada and the circumpolar 
North are relatively similar to the new remotely 
sensed and inventoried estimates reported here, the 
5 Pg C estimate for Alaska is higher. Combining the 
latest boreal and tundra vegetation estimates, North 
American high-latitude areas, which are 30% of the 
entire circumpolar region, contain 16.43 Pg C in 
vegetation (15.07 Pg C boreal; 1.36 Pg C tundra).

Deadwood and litter are two nonsoil carbon pools 
poorly constrained by data at regional and continen-
tal scales. The deadwood pool has been estimated 
(in 2007) at 16.1 Pg C for a region of the boreal for-
est covering 11.35 × 106 km2, again excluding 1.18 × 
106 km2 of unmanaged boreal forest in Canada and 
0.51 × 106 km2 of unmanaged forest in Alaska (Pan 
et al., 2011). This same boreal region was estimated 
to contain a litter carbon pool of 27.0 Pg C, which 
together with deadwood represents at least 83% of 
the carbon contained in the living above- and below-
ground biomass. An older modeling study estimated 

tundra litter to contribute 2 Pg C at the circumpolar 
scale (Potter and Klooster 1997).

11.4 Indicators, Trends, 
and Feedbacks
11.4.1 Drivers of Carbon Pool Change
Changes in soil and vegetation carbon pools are 
a result of changing carbon fluxes over time. In 
the absence of pulse disturbances, CO2 exchange 
between ecosystems and the atmosphere is the 
major pathway of carbon input and output (Chapin 
et al., 2006). Carbon dioxide enters ecosystems 
via plant photosynthesis and is returned to the 
atmosphere through respiration of plants and all 
heterotrophic organisms that depend directly or 
indirectly on energy contained in plant biomass. 
Over the past few centuries to millennia, tundra 
and boreal ecosystems acted as net carbon sinks at 
the regional scale, as the amount of carbon released 
by respiration was smaller than that absorbed by 
photosynthesis. Vegetation biomass is likely to 
have reached peak amounts over decades to per-
haps a century or more. In contrast, soils act as a 
long-term (i.e., century to millennia) carbon sink 
as carbon continues to accumulate as dead organic 
matter (Harden et al., 1992). Carbon accumu-
lation resulting from the net difference between 
photosynthesis and respiration also is punctuated 
by periods of abrupt loss catalyzed by ecological 
disturbances. In the tundra and boreal biomes, 
large-scale pulse disturbances include fire, insect 
outbreaks, and abrupt permafrost thaw and soil 
subsidence (known as thermokarst). Periods of 
disturbances generally favor carbon losses either 
abiotically (e.g., fire emissions) or biotically (e.g., 
stimulating respiration). These losses often occur 
as a pulse loss, whereas carbon gains through 
vegetation growth and succession and new soil 
carbon accumulation occur over decadal to century 
timescales. Other smaller but important carbon 
fluxes in high-latitude ecosystems include CH4 flux 
and the lateral export of dissolved inorganic carbon 
(DIC), dissolved organic carbon (DOC), and par-
ticulate organic carbon (POC) in water (McGuire 
et al., 2009). Methane flux by weight is usually an 
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order of magnitude smaller than CO2 flux but has a 
higher global warming potential (GWP). Dissolved 
carbon losses are a persistent feature of undisturbed 
and disturbed ecosystems and also are typically an 
order of magnitude smaller than CO2 exchanges. 
An exception is POC, which usually is similar in 
magnitude to other dissolved losses and relatively 
small in many circumstances. However, it is the 
one flux that can approach the magnitude of CO2 
exchanges, at least for short periods, when erosion 
is a consequence of another disturbance such as 
abrupt permafrost thaw or fire.

11.4.2 Carbon Fluxes in Recent Decades
Stock Changes
Changes in vegetation and soil carbon stocks over 
time provide an estimate of landscape carbon bud-
gets. For boreal and Arctic ecosystems, the challenge 
is that study sites are remote and often not spatially 
representative. Inventories of aboveground plant 
biomass in forests are probably the best measured 
of all ecosystem carbon pools, along with harvested 
wood products (i.e., managed forests) and then 
deadwood. Rather than estimated through time, 
belowground biomass, litter, and soil stocks usually 
are estimated from single time-point measurements 
and extrapolated using simple scaling assumptions. 
The most recent regional estimates for Eurasian and 
Canadian boreal forests put total carbon flux (total 
of all pools described above) at 493 ± 76 teragrams 
(Tg) C per year from 1990 to 1999 and at 499 ± 83 
Tg C per year from 2000 to 2007 (Pan et al., 2011). 
These estimates do not include forestland in interior 
Alaska (0.51 × 106 km2) or unmanaged forests 
in northern Canada (1.18 × 106 km2), essentially 
assuming those lands to be at steady state in regard 
to carbon pools.

Carbon Dioxide
Recent syntheses have outlined changes in tundra 
carbon flux over time. A broad survey of data from 
a number of dry to wet tundra types found that in 
most studies since 1995, tundra acts as a carbon 
sink during summer, when photosynthetic uptake 
exceeds respiration losses during this approximately 

100-day season (McGuire et al., 2012). Summer 
carbon sequestration is offset partially by carbon 
losses in fall, winter, and spring when microbes are 
still metabolically active and releasing CO2, while 
plants are largely dormant and carbon assimilation 
has slowed or ceased. While absolute levels of CO2 
flux are low during the nonsummer season, the long 
period of more than 250 days is enough to offset, in 
some cases, the net carbon that accumulated during 
summer. A critical issue for determining net change 
in ecosystem carbon storage is the relative scarcity 
of nonsummer flux measurements in comparison to 
summer flux measurements. For example, the recent 
regional carbon balance estimate for the North 
American subregion had 80 study-years of summer 
measurements and only 9 study-years of nonsum-
mer measurements available for upscaling (McGuire 
et al., 2012). This order of magnitude difference 
across seasons was similar across the other upscaled 
tundra subregions.

A first-order upscaling synthesis that used plot-scale 
measurements scaled by regional land area showed 
that North American tundra was a source of carbon 
on the order of 124 Tg C per year during the 1990s 
and a sink of 13 Tg C per year during the 2000s 
(McGuire et al., 2012). This increase in uptake 
relative to losses was similar to that in the Eurasian 
tundra that was reported as a 19 Tg C per year 
source in the 1990s and a sink of 185 Tg C per year 
in the 2000s. This study reported a global carbon 
exchange in the tundra region of 13 Tg C per year 
(i.e., a small sink but near neutral exchange) over 
both decades using a scaling region of 9.2 × 106 km2, 
which includes the tundra biome plus a portion of 
the boreal forest biome for comparison to large-scale 
atmospheric inversion models. A follow-up synthesis 
study focused on a subset of the same tundra sites 
and also included new sites with nonsummer data to 
bolster undersampled seasons (Belshe et al., 2013). 
Although this analysis supported the previous find-
ing that the summer-season carbon sink increased 
in the 2000s compared with the 1990s, it suggested 
that the mean tundra flux remained a carbon source 
annually across both decades when additional 
nonsummer flux data were included. In this analysis, 
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the source potential appears to decline over time, 
although this decline is statistically nonsignificant. 
Separately analyzing the record for the nonsummer 
data-intensive period (2004 to 2010) showed a trend 
of increasing nonsummer carbon flux and an overall 
increase in tundra carbon source during that period. 
Because changes in measurement technology paral-
lel trends in time, data also were analyzed relative to 
the mean annual temperatures of the study sites. The 
trend of tundra consistently acting as an annual car-
bon source was significant across the range of tundra 
sites, with the net loss ranging from 23 to 56 grams 
(g) C per m2 per year. This relationship also predicts 
a 2 g C per °C increase in loss rates across the range 
of mean annual temperatures. These figures, when 
scaled to a region consistent with the previous study 
(10.5 × 106 km2; Callaghan et al., 2004; McGuire 
et al., 1997, 2012), predict that the tundra is acting 
as current source of 462 Tg C per year that could 
increase by almost 35% to 620 Tg C per year, given 
the “business-as-usual” warming projected for the 
Arctic (i.e., an increase of  7.5°C).

Recent measurements of atmospheric GHG concen-
trations over Alaska have been used to estimate car-
bon source and sink status of those Arctic and boreal 
ecosystems for 2012 to 2014 (Commane et al., 
2017). During this period, tundra regions of Alaska 
were a consistent net CO2 source to the atmosphere, 
whereas boreal forests were either neutral or a net 
CO2 sink. The larger interannual variability of boreal 
forests was due both to changes in the balance of 
photosynthesis and respiration and to the amount of 
combustion emissions by wildfire. The Alaska study 
region as a whole was estimated to be a net carbon 
source of 25 ± 14 Tg C per year averaged over the 
land area of both biomes for the entire study period. 
If this Alaskan region (1.6 × 106 km2) was represen-
tative of the entire northern circumpolar permafrost 
zone soil area (17.8 × 106 km2), this amount would 
be equivalent to a region-wide net source of 0.3 Pg C 
per year.

Methane
Uncertainty in the scaling of “bottom-up” field-
based flux observations of CH4 emissions across 

the northern permafrost region (32 to 112 Tg CH4 
per year; McGuire et al., 2009) is much larger than 
uncertainty from “top-down” atmospheric anal-
yses based on the spatial and temporal variability 
of CH4 concentration measurements (15 to 50 
Tg CH4 per year; McGuire et al., 2009; Crill and 
Thornton 2018). Flux estimates include those from 
terrestrial ecosystems (e.g., wetlands), lakes, and 
coastal waters underlain by permafrost. Observa-
tional studies reviewed by McGuire et al. (2012) 
indicate that during the 1990s and 2000s, the tundra 
emitted 14.7 Tg CH4 per year (with an uncertainty 
range of 0 to 29.3 Tg CH4 per year). Kirschke et al. 
(2013) suggest a Eurasian boreal wetland source 
of 14 Tg CH4 per year (uncertainty = 9 to 23) from 
field flux measurements and 9 Tg CH4 per year 
(uncertainty = 4 to 13) from atmospheric measure-
ments, which also estimate an upland soil sink of 
3 Tg CH4 per year (uncertainty = 1 to 5). For North 
American high-latitude wetlands, estimated emis-
sions are 9 Tg CH4 per year (uncertainty = 6 to 17) 
from atmospheric measurements and 16 Tg CH4 per 
year (uncertainty = 9 to 28) from field flux measure-
ments, along with a soil sink of 2 Tg CH4 per year 
(uncertainty = 1 to 2) estimated from atmospheric 
measurements. The most recent assessment reports 
that the field flux uncertainty in CH4 emissions from 
tundra terrestrial ecosystems and lakes in the Arctic 
was between 10 and 43 Tg CH4 per year during 
the 1990s and 2000s (AMAP 2015). This estimate 
indicates that bottom-up uncertainties have not 
been reduced by more recent assessments. Estimates 
of CH4 fluxes from lakes likely are confounded with 
those from wetlands in spatial scaling procedures. 
A recent synthesis that focused just on lakes in the 
northern permafrost region indicates that CH4 emis-
sions from lakes range from 6 to 25 Tg CH4 per year 
(Walter Anthony et al., 2016; Wik et al., 2016). Also, 
there are large uncertainties about the magnitude of 
CH4 emitted from submarine permafrost in coastal 
waters of the Arctic Ocean and its marginal seas 
(Berchet et al., 2016; Shakhova et al., 2010, 2014). 
The degree to which the source of CH4 emissions in 
coastal waters results from biogenic methanogene-
sis, fossil sources, or the dissociation of gas hydrates 
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is not clear. The amount of CH4 emitted from fossil 
sources is an issue for both land and ocean environ-
ments in the permafrost region. Emissions include 
CH4 from natural sources such as geological seeps 
and human activities, including oil and gas explo-
ration and transport (Ruppel and Kessler 2017; 
Kohnert et al., 2017). Top-down estimates of CH4 
emissions from the permafrost region are useful 
because they integrate the various sources of CH4 
to the atmosphere. However, these top-down flux 
estimates also have substantial uncertainties because 
they are derived from models, which still need to be 
better reconciled with field flux measurements.

Recent developments include increased use of atmo-
spheric measurements from aircraft, which have the 
great advantage of avoiding biases induced by logisti-
cal constraints on ground-based study site selections 
or “hotspot”-focused studies that ignore potentially 
vast areas of CH4 uptake (e.g., 3.2 ± 1.4 mg CH4 per 
m2 per day in dry tundra and 1.2 ± 0.6 mg CH4 per 
m2 per day in moist tundra in northeast Greenland; 
Juncher Jørgensen et al., 2015). Aircraft atmospheric 
measurements also inherently include previously 
neglected freshwater systems estimated to contribute 
as much as 13 Tg CH4 per year north of 54°N 
(Bastviken et al., 2011). A recent study used aircraft 
concentration data and inverse modeling to derive 
regional fluxes averaged over all of Alaska amount-
ing to 2.1 ± 0.5 Tg CH4 from May to September 
2012 (Chang et al., 2014). This quantity includes 
all biogenic, anthropogenic, and geological sources 
such as seeps, which alone contribute an estimated 
1.5 to 2 Tg CH4 per year (Walter Anthony et al., 
2012), based on extrapolating ground-based mea-
surements.

Spatial analyses of CH4 emissions in the northern 
permafrost region indicate that “wetter” wetlands 
are primarily sensitive to variation in soil tempera-
ture, whereas “drier” wetlands are primarily sensitive 
to changes in water-table position (Olefeldt et al., 
2013). Similar analyses for lakes indicate that in sys-
tems with suitable organic substrate, CH4 emissions 
are sensitive to water temperature, particularly in the 
continuous permafrost zone (Wik et al., 2016). In 

addition, some studies have proposed that season-
ality of CH4 emissions is potentially sensitive to 
ongoing climate change, with emissions possibly 
persisting further into fall as soils remain unfrozen 
for longer periods (Mastepanov et al., 2008; Miller 
et al., 2016; Zona et al., 2016) or elevating in spring 
as CH4 is released from trapped pockets in the fro-
zen soil (Raz-Yaseef et al., 2016). These sensitivities 
suggest that observed changes in temperature of the 
northern permafrost region should have resulted 
in increased CH4 emissions (Walter Anthony et al., 
2016), and modeling studies that have incorporated 
these sensitivities conclude this as well (Riley et al., 
2011; Xu et al., 2016). However, while temperature 
has increased substantially in the northern perma-
frost region in recent decades, there is no indication 
from analyses of atmospheric data that CH4 emis-
sions in the region have increased (Bergamaschi et 
al., 2013; Bruhwiler et al., 2014; Dlugokencky et 
al., 2009; Sweeney et al., 2016). The lack of sig-
nificant long-term trends suggests more complex 
biogeochemical processes may be counteracting the 
observed short-term temperature sensitivity (Swee-
ney et al., 2016). Alternatively, separating biogenic 
changes in northern ecosystems from fossil-fuel 
derived emissions from lower latitudes may be 
difficult using surface atmospheric concentration 
measurements alone (Parazoo et al., 2016).

Lateral Hydrologic Losses
Carbon can move laterally into inland waters from 
terrestrial upland and wetland ecosystems in Arctic 
and boreal biomes. In inland waters, carbon derived 
from living and dead organic matter is transported 
largely to the ocean as DOC, DIC, and POC (see 
Ch. 14: Inland Waters, p. 568). The annual export of 
carbon from rivers to the Arctic Ocean is estimated 
to be 43 Tg C as DIC, 33 Tg C as DOC, and 6 Tg C 
as POC, for a total of 82 Tg C per year (McGuire et 
al., 2009). A recent assessment for Alaska estimates 
that the riverine flux of DIC, DOC, and POC to the 
ocean is 18 to 25 Tg C per year (Stackpoole et al., 
2016), representing 22% to 30% of the total river-
ine flux of carbon to the Arctic Ocean estimated by 
McGuire et al. (2009). Although this percentage of 
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the total appears large for Alaska relative to its small 
geographic discharge area, it may indicate that earlier 
estimates were too low (McGuire et al., 2009).

Coastal erosion in the Arctic is an important source 
of POC to the Arctic Ocean, and this flux is likely to 
increase with warming because of enhanced erosion 
associated with the loss of a protective sea ice buffer, 
increasing storm activity, and thawing of coastal per-
mafrost (e.g., Jorgenson and Brown 2005; Rachold 
et al., 2000, 2004). Based on recent estimates 
(Rachold et al., 2004), POC transport across the 
Arctic land-ocean interface through coastal erosion 
is about 6 to 7 Tg C per year (McGuire et al., 2009).

Fire
Fire has the largest footprint of any pulse distur-
bance in the northern circumpolar permafrost zone; 
thus, increases in the size, frequency, and severity of 
regional fire regimes will have important impacts on 
current and future carbon stocks and fluxes (Balshi 
et al., 2009; Bond-Lamberty et al., 2007; Kasischke 
et al., 1995). At the ecosystem scale, fire catalyzes 
abrupt changes in stocks by transferring carbon 
from plants and soils to the atmosphere. In contrast 
to temperate and tropical wildfires, soil organic mat-
ter is the dominant source of carbon emissions from 
boreal and tundra wildfires, and fire-driven changes 
in soil structure can alter controls over ecosystem 
carbon dynamics such as ALT, hydrology, and vege-
tation age and composition. At the landscape scale, 
increasing fire activity will alter the age structure 
of forests and tundra, decreasing landscape carbon 
stocks and increasing or, perhaps less frequently, 
decreasing carbon sequestration (Yue et al., 2016).

Estimates of carbon emissions from global boreal 
forest fires averaged 155 Tg C per year (with a range 
of 78 to 334 Tg C per year) from 1997 to 2013 
(Giglio et al., 2013; van der Werf et al., 2010). North 
American boreal forests contributed 7% to 79% of 
these emissions and averaged 30%, which is similar 
to their proportional area (see Table 11.2, p. 442). 
However, recent extreme fire years (2014 in north-
ern Canada and 2015 in Alaska) doubled emissions 
from this region to about 100 Tg C per year, similar 

to average emissions from the much larger Eurasian 
boreal region. Extreme fire years are common in 
both regions. For example, within the last 19 years, 
North American boreal forests had 6 years where 
emissions were double the long-term average of 
56 Tg C per year, and boreal Eurasian forests had 
3 years with emissions double the long-term average 
of 106 Tg C per year. In contrast to the boreal forest, 
global carbon emissions from tundra wildfires are 
poorly constrained, but, on a per-unit-burned-area 
basis, tundra emissions can be similar in magnitude 
to boreal forest emissions because of the deep burn-
ing of organic soils (Mack et al., 2011). This finding 
suggests that increased tundra burning will have 
a similar per-unit-area impact to increased boreal 
forest burning.

Regional patterns of changing fire severity are 
less understood than changes in area. Increases in 
fire frequency are important because they reduce 
carbon recovery time post-fire and make forests 
more vulnerable to high-intensity fires (Hoy et al., 
2016) or shifts in vegetation dominance (Brown 
and Johnstone 2012). In permafrost-affected soils, 
a large quantity of organic carbon resides in a thick 
soil organic layer that can be hundreds to thousands 
of years old; this carbon is a legacy of past fire cycles 
(Harden et al., 2000). Combustion of the soil organic 
layer dominates carbon emissions during fires (Boby 
et al., 2010; Kasischke et al., 1995; Mack et al., 
2011), and more severe fires result in deeper burning 
(Turetsky et al., 2011a). Because soil carbon accu-
mulation rates vary across the landscape (Hobbie 
et al., 2000), deeper burning may not always combust 
legacy carbon (Mack et al., 2011), but when it does, 
this burning could rapidly shift ecosystems across a 
carbon cycling threshold, from net accumulation of 
carbon from the atmosphere over multiple fire cycles 
to net loss (Turetsky et al., 2011b).

Fires that burn deeply into the soil organic layer 
can persistently alter both physical and biological 
controls over carbon cycling, including permafrost 
stability, hydrology, and vegetation. Reduction or loss 
of the soil organic layer decreases ground insulation 
( Jiang et al., 2015; Jorgenson 2013; Jorgenson et al., 
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2013; Shur and Jorgenson 2007), warming perma-
frost soils and exposing organic matter that has been 
frozen for hundreds to thousands of years to micro-
bial decomposition, mineralization, and atmospheric 
release of GHGs (Schuur et al., 2008). Permafrost 
degradation also can increase or decrease soil 
drainage, leading to abrupt changes in soil moisture 
regimes that affect both decomposition and produc-
tion ( Jorgenson 2013; Jorgenson et al., 2013; Schuur 
et al., 2009). These changes sometimes lead to 
abrupt permafrost thaw and thermal erosion events 
that drive further change in ecosystem processes. In 
addition, loss of the soil organic layer exposes min-
eral soil seedbeds ( Johnstone et al., 2009), leading to 
recruitment of deciduous tree and shrub species that 
do not establish on organic soil (Kasischke and John-
stone 2005). This recruitment has been shown to 
shift post-fire vegetation to alternate successional tra-
jectories ( Johnstone et al., 2010). Model projections 
suggest that the Alaskan boreal forest could cross a 
tipping point, where recent increases in fire activity 
have made deciduous stands as abundant as spruce 
stands on the landscape (Mann et al., 2012). In Arc-
tic Larix forests of northeastern Siberia, increased fire 
severity can lead to increased tree density in forested 
areas and forest expansion into tundra (Alexander 
et al., 2012). Additionally, burned graminoid tundra 
has been observed to increase in post-fire greenness 
(Hu et al., 2015), an occurrence that has been linked 
to increased tall deciduous shrub dominance (Racine 
et al., 2004; Rocha et al., 2012). Plant-soil-microbial 
feedbacks within new vegetation types determine 
long-term trajectories of nutrient dynamics (Melvin 
et al., 2015) that, in turn, constrain ecosystem carbon 
storage (Alexander and Mack 2016; Johnstone et al., 
2010) and resultant climate feedbacks via carbon and 
energy (Randerson et al., 2006; Rocha et al., 2012).

11.4.3 Future Vulnerabilities
Carbon in Arctic and boreal ecosystems is expected 
to be subject both to press disturbances such as 
increasing temperatures, changing precipitation 
regimes, and rising CO2 and to pulse disturbances 
including wildfire, insect outbreaks, and abrupt per-
mafrost thaw. Rates of both disturbance types may 

change over time depending on future human activi-
ties and the resulting ecosystem- and landscape-level 
feedbacks. No single future assessment technique 
includes all these mechanisms comprehensively. 
This section provides estimates of carbon pool 
change using three different assessment techniques: 
1) semiquantitative assessment that relied on expert 
knowledge of the system; 2) dynamical models that 
relied on environmental input data and knowledge 
of underlying mechanistic relationships of eco-
system dynamics; and 3) upscaling of laboratory 
measurements of potential soil carbon change.

Expert Assessment
To provide an integrated assessment of the effect 
of environmental changes in combination with 
heterogeneity in permafrost decomposability 
across the region, experts were asked to provide 
quantitative estimates of permafrost carbon change 
in response to four scenarios of warming (Schuur 
et al., 2013). For the highest warming scenario 
(RCP8.5), experts hypothesized that carbon release 
from permafrost zone soils could be 19 to 45 Pg C 
by 2040, 162 to 288 Pg C by 2100, and 381 to 616 
Pg C by 2300 in CO2 equivalent1 using a 100-year 
CH4 GWP. The values become 50% larger using a 
20-year CH4 GWP, with one-third to one-half of 
expected climate forcing coming from CH4, even 
though it accounted for only 2.3% of the expected 
carbon release. Experts projected that two-thirds 
of this release could be avoided under the lowest 
warming scenario (RCP2.6; Schuur et al., 2013). 
According to the experts, changes in tundra and 
boreal vegetation biomass were smaller, totaling an 
increase of about 15 Pg C by 2100 under the highest 
warming scenario (RCP8.5; Abbott et al., 2016). In 
contrast to soil, assessment of biomass change was 
more divergent among experts, with one-third of 
respondents predicting either no change, or even 

1 Carbon dioxide equivalent (CO2e): Amount of CO2 that would produce 
the same effect on the radiative balance of Earth’s climate system as another 
greenhouse gas, such as methane (CH4) or nitrous oxide (N2O), on a 
100-year timescale. For comparison to units of carbon, each kg CO2e is 
equivalent to 0.273 kg C (0.273 = 1/3.67). See Box P.2, p. 12, in the Preface 
for more details.
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a decrease, in biomass over all time intervals and 
warming scenarios that were considered.

Model Projections
A number of ecosystem models and ESMs have 
incorporated a first approximation of global perma-
frost carbon dynamics. Recent key improvements 
include the physical representation of permafrost 
soil thermodynamics and the role of environmental 
controls (particularly the soil freeze-thaw state) in 
organic carbon decomposition (Koven et al., 2011, 
2013; Lawrence et al., 2008). These improved 
models specifically address processes known to 
be important in permafrost ecosystems but were 
missing from earlier model representations. They 
have been key to forecasting the potential release of 
permafrost carbon with warming and the impact this 
release would have on the rate of climate change. 
Model scenarios show potential carbon release from 
the permafrost zone ranging from 37 to 174 Pg C 
by 2100 under the current climate warming trajec-
tory (RCP8.5), with an average across models of 
92 ± 17 Pg C (mean ± standard error [SE]); Burke 
et al., 2012, 2013; Koven et al., 2011; MacDougall 
et al., 2012; Schaefer et al., 2011; Schaphoff et al., 
2013; Schneider von Deimling et al., 2012; Zhuang 
et al., 2006). This range is generally consistent with 
several newer, data-driven modeling approaches 
that estimated soil carbon releases by 2100 (for 
RCP8.5) to be 57 Pg C (Koven et al., 2015) and 
87 Pg C (Schneider von Deimling et al., 2015), as 
well as an updated estimate of 102 Pg C from one 
of the previous models (MacDougall and Knutti, 
2016). Furthermore, thawing permafrost carbon 
is forecasted to affect global climate for centuries. 
Models that projected emissions further out into 
the future beyond 2100 estimated additional carbon 
releases beyond those reported above. More than 
half of eventual total permafrost carbon emissions 
projected by the models, on average, would occur 
after 2100. While carbon releases over these time 
frames are understandably uncertain, they illus-
trate the momentum of a warming climate that 
thaws near-surface permafrost, causing a cascading 
release of GHGs, as microbes slowly decompose 

newly thawed permafrost carbon. The latest model 
simulations performed either with structural 
enhancements to better represent permafrost carbon 
dynamics (Burke et al., 2017) or with common envi-
ronmental input data (McGuire et al., 2016) show 
similar soil carbon losses. However, they also indi-
cate the potential for stimulated plant growth (e.g., 
with increased nutrients, temperature and growing 
season length, and CO2 fertilization) to offset some 
or all of these losses by sequestering new carbon into 
plant biomass and increasing inputs into the surface 
soil (McGuire 2018).

Within the wide uncertainty of forecasts, some 
broader patterns are just beginning to emerge. Mod-
els vary widely when predicting the current pool 
of permafrost carbon, which is the fuel for future 
carbon emissions in a warmer world. The model 
average size of the permafrost carbon pool was esti-
mated at 771 ± 100 Pg C (mean ± SE), about half as 
much as the measurement-based estimate (Schuur 
et al., 2015). The difference in the two estimates 
potentially is related, in part, to the fact that most 
models represented carbon to a depth of only 3 m. 
A smaller modeled carbon pool, in principle, could 
constrain forecasted carbon emissions. Normalizing 
the emissions estimates from the dynamic models 
by their initial permafrost carbon pool size, 15 ± 3% 
(mean ± SE) of the initial pool is expected to be lost 
as GHG emissions by 2100 (Schaefer et al., 2014). 
However, within these complex models, sensitivity 
to modeled Arctic climate change and the responses 
of soil temperature, moisture, and carbon dynam-
ics are important controls over emissions predic-
tions, not just pool size alone (Koven et al., 2013; 
Lawrence et al., 2012; Slater and Lawrence 2013).

These dynamic models also simultaneously assess 
the countering influence of plant carbon uptake 
that may partially offset permafrost carbon release. 
Warmer temperatures, longer growing seasons, 
elevated CO2, and increased nutrients released from 
decomposing organic carbon all may stimulate plant 
growth (Shaver et al., 2000). New carbon can be 
stored in larger plant biomass or deposited into sur-
face soils (Sistla et al., 2013). An intercomparison 
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of biogeochemical models applied to the perma-
frost region indicates much larger plant production 
responses to climate change in the last few decades 
than observation-based trends in plant productiv-
ity (McGuire et al., 2016), suggesting that future 
plant production responses to changing climate 
may also be less than models predict. A previous 
generation of ESMs that did not include permafrost 
carbon mechanisms but did simulate changes in 
plant carbon uptake estimated that the vegetation 
carbon pool could increase by 17 ± 8 Pg C by 2100, 
with increased plant growth also contributing to 
new soil carbon accumulation of similar magnitude 
(Qian et al., 2010). The models reviewed here with 
permafrost carbon mechanisms also include many 
of the same mechanisms that stimulate plant growth 
as the previous generation of models and generally 
indicate that increased plant carbon uptake will 
more than offset soil carbon emissions from the 
permafrost region for several decades as the climate 
becomes warmer (Koven et al., 2011; MacDougall 
et al., 2012; Schaefer et al., 2011). Over longer 
timescales and with continued warming, however, 
microbial release of carbon overwhelms the capac-
ity for plant carbon uptake, leading to net carbon 
emissions from permafrost ecosystems to the atmo-
sphere. Modeled carbon emissions projected under 
various warming scenarios translate into a range of 
0.13 to 0.27°C additional global warming by 2100 
and up to 0.42°C by 2300, but currently remain 
one of the least constrained biospheric feedbacks to 
climate (IPCC 2013).

In many of the model projections previously dis-
cussed, CH4 release is not explicitly represented 
because fluxes are small. However, the higher GWP 
of CH4 makes these emissions relatively more 
important than on a mass basis alone. Observed 
short-term temperature sensitivity of CH4 from 
the Arctic possibly will have little impact on the 
global atmospheric CH4 budget in the long term if 
future trajectories evolve with the same temperature 
sensitivity (Sweeney et al., 2016). Global models 
that include the short-term sensitivities of CH4 to 
warming show increased CH4 emissions with future 
warming in the northern permafrost region (Gao 

et al., 2013; Riley et al., 2011). Yet, these models 
conclude that if these increased emissions were to 
occur, they would have little influence on the climate 
system because of their relatively small magnitude. 
However, most models do not include abrupt thaw 
processes (i.e., thawing of ice-rich permafrost) that 
can result in lake expansion, wetland formation, and 
massive erosion and exposure to decomposition of 
previously frozen carbon-rich permafrost. A substan-
tial area of the northern permafrost region is suscep-
tible to abrupt thaw (Olefeldt et al., 2016), which 
could result in more substantial CH4 emissions in 
the future than are currently projected by models. 
Although the current generation of comprehensive 
ESMs largely do not include abrupt thaw processes, 
progress is being made to include surface subsidence 
that occurs as a result of ground ice loss (Lee et al., 
2014). A recent study suggests that the largest CH4 
emission rates will occur around the middle of this 
century when simulated thermokarst lake extent 
is at its maximum and when abrupt thaw under 
thermokarst lakes is taken into account (Schneider 
von Deimling et al., 2015). Furthermore, the simu-
lated CH4 fluxes can cause up to 40% of total perma-
frost-affected radiative forcing in this century. Simi-
larly, no global models currently consider the effects 
of warming on CH4 emissions from coastal systems 
in the Arctic. Models clearly need to include an 
expanded suite of processes, such as those described 
previously, that can affect CH4 dynamics (Xu et al., 
2016). These more comprehensive CH4 models 
must be effectively benchmarked in a retrospective 
context (McGuire et al., 2016) before the research 
community can reduce uncertainty over changes in 
CH4 dynamics of the northern permafrost region in 
response to future warming.

Laboratory-Based Empirical Upscaling
In addition to the amount of carbon stored in 
permafrost, the decomposability of organic matter 
determines how much carbon is released to the 
atmosphere. A recent synthesis using permafrost 
soil from various circumpolar locations assessed 
the decomposability of permafrost carbon using 
long-term (longer than 1 year) aerobic incubation 
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studies (Schädel et al., 2014). A small fraction of 
organic matter in thawed permafrost can decom-
pose in weeks to months (Bracho et al., 2016; 
Dutta et al., 2006; Knoblauch et al., 2013; Lee 
et al., 2012), but the larger fraction decomposes 
over decades and even centuries (Schädel et al., 
2014). Decade-long potential carbon release as 
CO2 was estimated to range from 1% to 76% across 
a variety of soil types with strong landscape-scale 
variation. This landscape variation in decompos-
ability was linked to the carbon-to-nitrogen ratio 
of the bulk organic matter, with higher ratio soils 
having a greater potential to release carbon during 
laboratory incubation. The carbon-to-nitrogen 
ratio is initiated by 1) the type of vegetation car-
bon that is input to the permafrost soil pool over 
years, centuries, and even longer; 2) subsequent 
microbial activity acting on those inputs; and 3) 
pedogenic processes that help control soil organic 
matter formation and decay. Upscaling these 
incubation results using a data-driven modeling 
approach estimated that soil carbon releases by 
2100 (for RCP8.5) will be 57 PgC (Koven et al., 
2015).

In a future climate, microbial decomposition of 
organic matter will happen under a wide variety of 
environmental conditions that control the amount 
and form of GHG release. Although temperature 
control over decomposition is implicit when consid-
ering permafrost thaw, northern high latitudes also 
are characterized by widespread lakes, wetlands, and 
waterlogged soils. Oxygen-rich conditions are found 
in drier upland soils where microbial decomposi-
tion produces mainly CO2; oxygen-poor conditions 
occur in lowlands when ice-rich permafrost thaws, 
runoff is prevented by the underlying permafrost, 
and both CO2 and CH4 are produced by microbial 
decomposition. A recent meta-analysis compared 
GHG release from aerobic and anaerobic laboratory 
incubation conditions (Schädel et al., 2016). The 
study quantified that drier, aerobic soil conditions 
result in three times higher carbon release into the 
atmosphere compared to the same soil decompos-
ing in wetter, anaerobic soil conditions. Most of the 
carbon released to the atmosphere was in the form 

of CO2. Under anaerobic conditions, a small amount 
of carbon also was released as CH4 (about 5% of 
total carbon release). Even though CH4 is the more 
potent GHG, the much faster decomposition under 
aerobic conditions dominates the overall carbon 
release from permafrost. These results show that 
CO2 released from drier and oxygen-rich environ-
ments will be as or more important than CO2 and 
CH4 released from oxygen-poor environments on 
a per-unit soil carbon basis. The ultimate effect of 
these ecosystem types on climate would be scaled, 
of course, by the landscape coverage of these drier 
and wetter environments. In addition, these results 
present laboratory potentials for GHG release from 
permafrost; there are variety of factors excluded 
from this technique, such as increased plant biomass 
input to the soils, changing plant communities, and 
the priming of old carbon decomposition from new 
plant litter inputs.

11.5 Societal Drivers, Impacts, 
and Carbon Management
Forestry is the most widespread human manage-
ment activity that affects the carbon cycle in the 
most productive and accessible portion of the boreal 
forest. This section focuses on a case study of how 
wildfire management in Alaska has the potential to 
affect the fire cycle and, consequently, carbon pools 
via pathways described earlier in the chapter. In 
Alaska, all lands are classified into fire management 
planning options depending on the proximity to 
and density of human infrastructure. The range of 
management options include “Limited” (i.e., the 
least amount of management where fire activity is 
largely observed but not suppressed), “Modified,” 
“Full,” and “Critical” (i.e., assigned to lands immedi-
ately surrounding human settlements and key infra-
structure and resources). Each option represents 
an increasing amount of human intervention to 
suppress wildfire activity. This case study describes 
a modeling experiment conducted to determine 
the impact of changing fire management planning 
options from the current designation of Limited or 
Modified to Full protection for all military lands 
in the greater Fairbanks, Alaska, area. This change 
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in fire management led to a small increase in the 
projected number of fires per decade because more 
flammable vegetation (e.g., late successional coni-
fer forests) would be preserved, but, importantly, 
there was a projected decrease in the cumulative 
area burned through 2100 compared to the status 
quo (see Figure 11.8, this page). Depending on the 
particular climate projection, active fire manage-
ment (Full) decreased the projected cumulative 
area burned by 1.5% to 4.4% by 2100 (Breen et al., 
2016). Differences in projected climate by 2100 
arising from different climate model formulations 
have a strong impact on cumulative area burned, but 
fire management does have a small effect no matter 
the actual climate realized at the end of the century. 

In the absence of changing fire severity, the effect on 
carbon emissions would be exactly proportional to 
the difference in area burned. However, the some-
what small difference in cumulative area burned, 
and the proportional resulting effect on the carbon 
cycle, would need to be considered in context with 
the additional resources required to change the fire 
management planning option from the lower to 
higher level.

11.6 Summary and Outlook
Observation and modeling results synthesized 
in this chapter suggest that significant changes 
in the carbon stocks of Arctic and boreal regions 
may occur with impacts on the atmospheric GHG 

Figure 11.8. Effects of Two Climate Scenarios and Two Management Scenarios for a Subregion of Alaska. 
Cumulative area burned is modeled for the historical (1950 to 2009) and projected (2010 to 2100) periods for the 
Upper Tanana Hydrological Basin in interior Alaska near Fairbanks. Model results are presented for scenarios of fire 
management plan options (FMPO) driven by two Earth System Models: Meteorological Research Institute Coupled 
Global Climate Model version 3 (MRI-CGCM3) and National Center for Atmospheric Research Community Climate 
System Model version 4 (NCAR-CCSM4) using the Representative Concentration Pathway (RCP) 8.5 “business-
as-usual” emissions scenario. Data presented are means, and shading indicates results from 200 model replicates; 
black dashed line is the actual fire record through 2010. [Figure source: Redrawn from Breen et al., 2016; Schuur 
et al., 2016, used with permission.]
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budget. These projections primarily are due to the 
large pools of soil carbon preserved in cold and 
waterlogged environments vulnerable to a changing 
climate. This region, which previously has seques-
tered large amounts of carbon for centuries to 
millennia, is expected to transform into a one that 
acts as a net carbon source to the atmosphere over 
the next decades to centuries in a warming climate. 
Indeed, Arctic and boreal systems possibly have 
gone through this transition already.

Carbon offsets by vegetation remain a key part of 
the net response of this region to warming. Rising 
Arctic temperatures appear to have increased plant 
biomass, an effect observed in the tundra over the 
last three decades using satellite remote-sensing 
tools (Frost and Epstein 2014; Jia et al., 2003; Ju 
and Masek 2016) and field observations (Elmen-
dorf et al., 2012; Salmon et al., 2016). A greener 
Arctic has important implications for regional and 
global climate because of anticipated increases in 
atmospheric CO2 uptake, changes in surface energy, 
and altered nutrient and water cycling. Despite this 
long-term trend toward a greener Arctic, a distinct 
reversal of this trend has been observed for tundra 
from 2011 to 2014 (Epstein et al., 2015; Phoenix 
and Bjerke 2016), and the long-term trend is in con-
trast to boreal regions that show decreased NDVI 
(browning; Beck and Goetz 2011). Models, in 
contrast, tend to show consistent increases in plant 
growth, both in retrospective analyses (McGuire 

et al., 2016) and in future forecasts. Documenting 
changes in biomass with repeat LIDAR measure-
ments is an approach for producing future datasets 
that help validate or refute model projections of 
enhanced carbon uptake.

Emerging research on disturbance of permafrost 
soils by abrupt thaw is another knowledge gap 
where new information on modeling and landscape 
mapping is helping to describe patterns and proc-
esses (Olefeldt et al., 2016). Abrupt permafrost thaw 
can trigger destabilization of permafrost and soils at 
rates much higher than predicted from changes in 
temperature alone. However, this disturbance occurs 
at specific points covering only a fraction of the 
landscape compared to that affected by the influ-
ence of temperature increases occurring regionally 
(Kokelj et al., 2017). New research is critical for 
highlighting the importance of this subgrid pulse 
disturbance at the landscape scale and for providing 
the process-level detail needed but currently lacking 
in regional- and global-scale models.

Lastly, apparent offsets in carbon flux estimates made 
by top-down atmospheric measurements and from 
bottom-up scaling of ecosystem measurements always 
will be hampered in this region because of the relative 
scarcity of study locations. New research and satellite 
capabilities currently focused on high-latitude eco-
systems are helping to increase data coverage in this 
remote and understudied region and will set import-
ant baselines against which to measure future change.
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SUPPORTING EVIDENCE

KEY FINDING 1
Factors that control terrestrial carbon storage are changing. Surface air temperature change is 
amplified in high-latitude regions, as seen in the Arctic where temperature rise is about 2.5 times 
faster than that for the whole Earth. Permafrost temperatures have been increasing over the last 
40 years. Disturbance by fire (particularly fire frequency and extreme fire years) is higher now 
than in the middle of the last century (very high confidence).

Description of evidence base
Key Finding 1 is supported by observational evidence from ground-based and remote-sensing 
measurements. Documented changes in surface air temperatures (data.giss.nasa.gov/gistemp/
maps) at a rate higher than the global average are consistent with model projections (Overland 
et al., 2014) and theory (Pithan and Mauritsen 2014). Permafrost temperatures documented in 
borehole networks (Biskaborn et al., 2015) are increasing, with the largest absolute temperature 
increases in cold permafrost regions (Noetzli et al., 2016; Romanovsky et al., 2016). Decadal 
trends (Flannigan et al., 2009; Kasischke and Turetsky 2006) and paleoecological reconstruc-
tions (Kelly et al., 2013) show that area burned, fire frequency, and extreme fire years are higher 
now than in the first half of the last century and likely will last even longer.

Major uncertainties
Data are not collected uniformly across regions and often are limited by site access. High-latitude 
observation stations are limited as well. Boreholes often are not located at sites where abrupt per-
mafrost change is evident (Biskaborn et al., 2015). Area burned and other metrics of fire severity 
can be quantified by remote sensing, but some metrics rely on more limited ground-truth infor-
mation. Direct measurements of permafrost temperature and fire extend back only 50 to 60 years, 
but these factors can respond to drivers (e.g., past temperature fluctuations and fire cycles) over 
even longer time intervals.

Assessment of confidence based on evidence and agreement, including short 
description of nature of evidence and level of agreement
There is high confidence that drivers of carbon pool change are increasing in strength. In addition, 
there is very high confidence that surface air temperature change is amplified in high-latitude 
regions, as seen in the Arctic, where temperature rise is about 2.5 times faster than that for the 
entire planet. There is high confidence that permafrost temperatures have been rising and that fire 
disturbance is increasing, although the data records for the latter are shorter compared to tem-
perature records.

Summary sentence or paragraph that integrates the above information
For Key Finding 1, there is very high confidence that drivers of carbon pool changes are 
increasing in strength. Key Finding 1 is supported by a large amount of observational evidence 
documented in the peer-reviewed literature. Similar statements previously have been made in 
assessments of Arctic climate change, including IPCC (2013) and Melillo et al. (2014). Key 
uncertainties are the length of the data records and the limited ground-based information for 
variables such as fire severity.

http://data.giss.nasa.gov/gistemp/maps
http://data.giss.nasa.gov/gistemp/maps
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KEY FINDING 2
Soils in the northern circumpolar permafrost zone store 1,460 to 1,600 petagrams of organic 
carbon (Pg C), almost twice the amount contained in the atmosphere and about an order of 
magnitude more carbon than contained in plant biomass (55 Pg C), woody debris (16 Pg C), and 
litter (29 Pg C) in the boreal and tundra biomes combined. This large permafrost zone soil car-
bon pool has accumulated over hundreds to thousands of years. There are additional reservoirs 
in subsea permafrost and regions of deep sediments that are not added to this estimate because of 
data scarcity (very high confidence).

Description of evidence base
Key Finding 2 is supported by observational evidence from ground-based measurements of eco-
system carbon pools. Large surface soil carbon pools (to 1 m in depth) have been reported in the 
literature for decades (e.g., Gorham 1991), with new information on deeper permafrost carbon 
pools accumulating over the last decade (Hugelius et al., 2014; Schuur et al., 2015; Tarnocai et al., 
2009; Zimov et al., 2006). Biomass pools have been synthesized from forest inventory data (Pan 
et al., 2011), and more recently using remote sensing (Neigh et al., 2013; Raynolds et al., 2012).

Major uncertainties
Soils data are not collected uniformly across regions and often are limited by site access ( Johnson 
et al., 2011). Deep-soil inventories (>1 m in depth) are much more limited than surface soil infor-
mation (Hugelius et al., 2014). Biomass inventories often exclude unmanaged forests, which are 
prevalent in this region (Pan et al., 2011). Aboveground plant biomass is best quantified, whereas 
root biomass most often is estimated (Saugier et al., 2001). Coarse wood and litter also are poorly 
known carbon pools, and, in some cases, large-scale estimates for these pools are model derived.

Assessment of confidence based on evidence and agreement, including short 
description of nature of evidence and level of agreement
There is very high confidence that permafrost soil carbon stocks are large and protected currently 
by waterlogged and frozen soil conditions across much of the region. There is also very high 
confidence that soil carbon stocks are more than 10 times larger than stocks of carbon in plant 
biomass, woody debris, and litter pools.

Summary sentence or paragraph that integrates the above information
In Key Finding 2, there is very high confidence that permafrost soil carbon stocks are large and 
protected currently by waterlogged and frozen soil conditions across much of the region. There 
is also very high confidence that soil carbon stocks are more than 10 times larger than stocks of 
carbon in plant biomass, woody debris, and litter pools. This Key Finding is supported by a large 
amount of observational evidence documented in the peer-reviewed literature. The key uncer-
tainty is the scarcity of measurements for deep permafrost soil carbon relative to those for surface 
soils, biomass inventories in unmanaged forests, and belowground biomass.

KEY FINDING 3
Following the current trajectory of global and Arctic warming, 5% to 15% of the soil organic 
carbon stored in the northern circumpolar permafrost zone (mean 10% value equal to 146 to 
160 Pg C) is considered vulnerable to release to the atmosphere by the year 2100. The potential 
carbon loss is likely to be up to an order of magnitude larger than the potential increase in carbon 
stored in plant biomass regionally under the same changing conditions (high confidence, very likely).
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Description of evidence base
Key Finding 3 is supported by observational and modeling evidence from a range of literature 
sources and synthesized by Schuur et al. (2015). Observational data include soil incubation stud-
ies (Schädel et al., 2014, 2016) and synthesis of field observations (Belshe et al., 2013). Modeling 
evidence includes Burke et al. (2012), Burke et al. (2013), Koven et al. (2011), MacDougall et al. 
(2012), Schaefer et al. (2011), Schaphoff et al. (2013), Schneider von Deimling et al. (2012), 
and Zhuang et al. (2006).

Major uncertainties
This estimate is based largely on estimates of top-down permafrost thaw as a result of a warming 
climate and does not include abrupt permafrost thaw processes that can expose permafrost soils 
to higher temperature more rapidly than predicted by top-down thaw alone. Increasing evidence 
suggests that abrupt thaw processes are likely to be widespread across Arctic and boreal regions 
(Olefeldt et al., 2016). Waterlogging (oxygen limitation) is common in surface and subsurface 
soils because of limited infiltration as a result of permafrost. Oxygen limitation slows the decom-
position of organic matter, but both wetter or drier soil conditions can result from degrading 
permafrost at the site scale. Whether high-latitude terrestrial ecosystems will be wetter or drier in 
the future at the landscape scale is unclear.

Assessment of confidence based on evidence and agreement, including short 
description of nature of evidence and level of agreement
There is high confidence that permafrost soil carbon stocks are vulnerable to loss with changing 
climate conditions. This is also true of changing plant biomass but with more uncertainty about 
the relative magnitude of change.

Estimated likelihood of impact or consequence, including short description of basis 
of estimate
Thawing permafrost has significant impacts on the global carbon cycle, serving as a source of 
carbon dioxide (CO2) and methane (CH4) emissions. The level of emissions projected here 
very likely will accelerate the rate of global climate change. Future emissions from the permafrost 
zone are expected to be a fraction of those from fossil fuels, but they may be similar to current 
estimates of land-use change emissions.

Summary sentence or paragraph that integrates the above information
For Key Finding 3, there is high confidence that permafrost soil carbon stocks are vulnerable 
to loss with changing climate conditions. Thawing permafrost has a significant impact on the 
global carbon cycle, serving as a source of CO2 and CH4 emissions. Permafrost-zone emissions 
levels are expected to be a fraction of those from fossil fuels, but they may be similar to current 
estimates of land-use change emissions. Key Finding 3 is supported by observational and model-
ing evidence documented in the peer-reviewed literature. Primary key uncertainties include the 
influence of abrupt thaw processes that can expose permafrost soil carbon much more rapidly 
than top-down thawing, which is the process represented by model projections. Also unclear is 
the degree to which soil waterlogging will increase or decrease as permafrost degrades, which 
influences the relative release of CO2 and CH4.
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KEY FINDING 4
Some Earth System Models project that high-latitude carbon releases will be offset largely by 
increased plant uptake. However, these findings are not always supported by empirical measure-
ments or other assessments, suggesting that structural features of many models are still limited in 
representing Arctic and boreal zone processes (very high confidence, very likely).

Description of evidence base
Key Finding 4 is supported by observational and modeling evidence from a range of literature 
sources. Modeling results are based on a permafrost carbon model intercomparison project that 
summarizes the results for 1960 to 2009 for 15 Earth System Models (McGuire et al., 2016) 
and on an earlier model intercomparison of dynamic global vegetation models for high latitudes 
(Qian et al., 2010). Observational data include tundra and boreal normalized difference vegeta-
tion index (NDVI) trend studies (Beck and Goetz 2011; Epstein et al., 2015) and expert assess-
ment (Abbott et al., 2016).

Major uncertainties
NDVI trends represent changes in canopy and thus are not directly measuring carbon pools; 
observational datasets at regional to continental scales in the Arctic are scarce, making model 
evaluation difficult.

Assessment of confidence based on evidence and agreement, including short 
description of nature of evidence and level of agreement
There is high confidence that model projections are not always in agreement with observational 
constraints about plant carbon uptake offset.

Estimated likelihood of impact or consequence, including short description of basis 
of estimate
Thawing permafrost has significant impacts to the global carbon cycle, serving as a source of CO2 
and CH4 emissions. Plant uptake may offset some of these releases, but the mismatch between 
models and observations may cause significant over- or underestimates of this offset, as well as 
shift the timing of significant net carbon change for this region.

Summary sentence or paragraph that integrates the above information
For Key Finding 4, there is high confidence that model projections are not always in agreement 
with observational constraints about plant carbon uptake offset. Thawing permafrost has signif-
icant impacts to the global carbon cycle, serving as a source of CO2 and CH4 emissions. Plant 
uptake may offset some of that release, but the mismatch between models and observations may 
cause significant over- or underestimates of this offset, as well as shift the timing of significant 
net carbon change for this region. Key Finding 4 is supported by observational and modeling 
evidence documented in the peer-reviewed literature. Primary key uncertainties include the 
response of plant growth to multiple global change factors, including primarily CO2 fertilization 
but also rising temperatures, changes in precipitation and growing season length, and changes 
in species distribution. Other uncertainties include deposition and storage of new carbon into 
surface soils.
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