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Abstract 

High-latitude regions store large amounts of organic carbon (OC) in active-layer soils and permafrost, accounting for 

nearly half of the global belowground OC pool. In the boreal region, recent warming has promoted changes in the fire 

regime, which may exacerbate rates of permafrost thaw and alter soil OC dynamics in both organic and mineral soil. 

We examined how interactions between fire and permafrost govern rates of soil OC accumulation in organic horizons, 

mineral soil of the active layer, and near-surface permafrost in a black spruce ecosystem of interior Alaska. To estimate 

OC accumulation rates, we used chronosequence, radiocarbon, and modeling approaches. We also developed a 

simple model to track long-term changes in soil OC stocks over past fire cycles and to evaluate the response of OC 

stocks to future changes in the fire regime. Our chronosequence and radiocarbon data indicate that OC turnover varies 

with soil depth, with fastest turnover occurring in shallow organic horizons (�60 years) and slowest turnover in near­
surface permafrost (>3000 years). Modeling analysis indicates that OC accumulation in organic horizons was 

strongly governed by carbon losses via combustion and burial of charred remains in deep organic horizons. OC 

accumulation in mineral soil was influenced by active layer depth, which determined the proportion of mineral OC in 

a thawed or frozen state and thus, determined loss rates via decomposition. Our model results suggest that future 

changes in fire regime will result in substantial reductions in OC stocks, largely from the deep organic horizon. 

Additional OC losses will result from fire-induced thawing of near-surface permafrost. From these findings, we 

conclude that the vulnerability of deep OC stocks to future warming is closely linked to the sensitivity of permafrost to 

wildfire disturbance. 
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In trod uction 

High-latitude regions harbor large amounts of organic 

carbon (OC) in soil (Ping et aI., 2008a; Schuur et aI., 2008; 
Kuhry et a/., 2009; Tarnocai et a/., 2009). Some perma­

frost soils in particular began accumulating OC before 

the Last Glacial Maximum (Schirrmeister et a/., 2002). 
Recent climate warming at northern latitudes has re­

sulted in warming and thawing of permafrost in many 

regions (Osterkamp & Romanovsky, 1999; Jorgenson 

et a/., 2001, 2006), which may mobilize OC stocks from 

deep soil reservoirs via decomposition, leaching, or 

erosion. Future warming will likely increase the fre-
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quency and severity of wildfires in the boreal region 

(Balshi et a/., 2009b; Flannigan et a/., 2009) and conse­

quently, may increase rates of permafrost degradation 

(Shur & Jorgenson, 2007). Release of OC stocks from 

permafrost as carbon dioxide (C02) or methane may 

function as a strong positive feedback to atmospheric 

warming (Walter et a/., 2006; Schuur et a/., 2009). 
A recent analysis suggests that the terrestrial carbon 

(C) sink of the boreal region may be weakening, partly 

in response to changes in the wildfire regime and 

widespread permafrost thaw (McGuire et al., 2010). 
Previous modeling studies have quantified the influ­

ence of fire on soil C dynamics in surface organic 

horizons of black spruce ecosystems (Harden et ai., 

2000; Carrasco et a!., 2006; Fan et a/., 2008), but consider­

able uncertainty still exists regarding the fate of deeper 
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C pools in unfrozen mineral soil and permafrost (Trum­

bore & Czimczik, 2008). Given the sensitivity of organic 

matter decomposition to temperature (C ox et aI., 2000; 

Davidson & Janssens, 2006), active layer depth (ALD ;  

defined a s  the depth o f  soil above permafrost that thaws 

and refreezes annually) should influence decomposi­

tion rates of organic matter in mineral soil, if only by 

determining the proportion of OC in a thawed or frozen 

state. Immediately following fire, ALD typically in­

creases due to the combustion of surface organic hor­

izons, which insulate permafrost from warm summer 

air temperatures (Yi et al., 2009a, b; Jorgenson et aI., 
2010). However, recovery of surface organic horizons 

and the forest canopy between fire cycles can help 

attenuate long-term degradation of near-surface perma­

frost and allow recovery of the active layer to prefire 

depths (Yi et aI., 2009a, b). In this way, the sensitivity of 

permafrost to fire disturbance is intimately coupled to 

deep soil C dynamics, and in tum, to terrestrial C 

feedbacks to the climate system (C hapin et aI., 2008). 

Here, we quantify soil C stocks and model long-term 

patterns of C storage in an upland black spruce ecosys­

tem in interior A laska developed on Pleistocene loess 

deposits that contain high-ice permafrost (yedoma; 

Tomirdiaro et al., 1984; Schirrmeister et aI., 2002). Our 

primary objectives were to 0) measure C storage in 

active-layer soils and deep permafrost (�20 m), (2) 

quantify rates of OC accumulation using both chron­

osequence and radiocarbon methodologies, and (3) 
develop a fire-C interaction model to evaluate the 

effects of different fire regimes on soil C storage. By 

integrating field observations and radiocarbon esti­

mates of C turnover into a modeling framework, we 

are able to assess the interactive effects of fire and 

permafrost on long-term soil C storage. We also discuss 

the potential of permafrost thaw on post-thaw C loss 

from mineral soil horizons. 

Materials and methods 

Description of sites along fire/thaw chronosequence 

Using aerial photography, satellite imagery, and maps of 

historical fire perimeters, we selected fire chronosequence sites 

near Hess Creek (65.56758°N, 148.92487°W, datum = NAD83), 

approximately 150 km north of Fairbanks, Alaska (see Sup­

porting Information, Fig. S1). All study sites were located in 

forested north-facing slopes underlain by permafrost and were 

somewhat poorly drained, and are generally representative of 

black spruce ecosystems in the discontinuous permafrost zone 

of Alaska (e.g. Kane et al., 2005) and Canada (Harden et a/., 

1997). Study sites were located within the 2003 Erickson Creek 

Burn (n = 3 stands), a 1993 Burn (n = 1), a 1990 Burn (n = 1), a 

1967 Burn (n = 1), and mature unburned stands (n = 3; 

age = 148 ± 28 years). 

The regional climate of interior Alaska is characterized by a 

continental climate, with temperature extremes ranging from 

-50 to 35°C. At the Hess Creek study region, the average daily 

air temperature ranges from -25°C in January to 15°C in July. 

Annual precipitation averages 270 mm, 65% of which falls 

during the summer growing season (mid-May to early Sep­

tember). The cold snow period in interior Alaska is typi­

cally>210 days long and at our sites, maximum snow 

accumulation (average = 44 em; J. A. O'Donnell, unpublished 

results) occurred in late March. 

Vegetation at each stand was described according to the 

Alaska Vegetation Classification System (Viereck et a/., 1992). 

The dominant forest type on north-facing slopes of the Hess 

Creek region is open black spruce [Picea mariana (MilL) B.5.P.J. 

In mature black spruce stands, the forest understory was 

composed of small woody shrubs, such as Vaccinium vitis-idaea 

and Ledum groenlandicum. Feather mosses (Pleurozium schreberi 

and Hylocomium splendens), sphagnum (Sphagnum fuscum), and 

reindeer lichens (Cladina stellaris and Cladina arbuscula) domi­

nated ground cover in the mature black spruce stands. In the 

recently burned black spruce stands (2003 Erickson Creek fire), 

vegetation was dominated by standing dead P. mariana, and 

living V. vitis-idaea, Vaccinium uliginosum, L. groenlandicum, and 

Equisetum spp. Burned organic soil surfaces were quickly 

colonized by Ceratodon purpureus in the recently burned 

stands. The intermediate stand age (i.e. 1990 Burn, 1993 Burn) 

was dominated by the shrubs Salix pulchra, L. groenlandicum, 

and V. vitis-idaea. The 1990 Burn was also colonized by paper 

birch (Betula neoalaskana) and bluejoint (Calamagrostis canaden­

sis). In the stands that burned in 1967, P. mariana and 

B. neoalaskana were the dominate tree species, V. vitis-idaea 

and L. groenlandicum were the dominant understory shrubs, 

and the feather moss H. splendens-dominated ground cover. 

Soils at Hess Creek were classified as Gelisols, due to the 

presence of permafrost within 100 cm of the soil surface 

(USDA-NRCS). Organic soil horizons overlying mineral soil 

were composed of live moss, fibrous and amorphous (Oi and 

Oe or Oa) organic matter, and varied in thickness with stand 

age. Parent material across the chrcinosequence was composed 

primarily of loess silt deposited during the Late Pleistocene. 

Permafrost development at Hess Creek occurred in conjunction 

with loess sedimentation (i.e. syngenetic permafrost formation) 

and is commonly referred to as 'yedoma' in the literature (e.g. 

Tomirdiaro et a/., 1984). We observed numerous buried organic 

horizons and undecomposed moss parts and rootlets in the 

frozen loess deposits. The thickness of frozen loess at Hess 

Creek varied spatially, and ranged from 1 to 26 m (based on the 

drilling of 62 boreholes). Volumetric ice content of permafrost at 

Hess Creek was high, ranging from 60% to 90%. Furthermore, 

massive ice wedges at some locations account for up to 30-50% 

of permafrost soil volume. High ice content of permafrost 

contributed to thaw settlement following fire at Hess Creek, 

and numerous thermokarst depressions have been observed. 

Soil sampling and chemical analyses 

In September 2007, we dug pits and described soil horizons at 

each site along the chronosequence follOWing USDA-NRCS 
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(Staff, 1998) and Canadian (Committee, CASC, 1998) meth­
odologies. Common terms used for describing organic hori­
zons included lichen, live moss, dead moss (more moss than 
roots), fibric (slightly decomposed, often dominated by fine 
roots), mesic (moderately decomposed), and humic (highly 
decomposed organics). Mineral soil horizons were character­
ized for texture and the presence of buried organic material. 
We sampled organic and mineral soil horizons to a minimum 
of 2 m from one intensive profile at each replicate stand along 
the chronosequence. For the 2003 Burn and Unburned Mature 
stands, we sampled and analyzed soil chemistry from five 
profiles across three stands. For the 1967, 1990, and 1993 Burn 
stands, we only sampled one profile because most easily 
accessible stands of intermediate age reburned during the 
massive 2004 and 2005 fire years. In addition to the intensive 
profiles, we dug 10 shallow pits at each stand for each age class 
to describe and note the depths of horizons within the soil 
profile as well as note the depth of the active layer. These field 
soil descriptions were used to estimate OC stocks in organic 
horizons using simple linear equations between OC concen­
tration and organic horizon thickness (OHf) for each horizon 
type. These equations were based on data from two sites 
within interior Alaska (Manies et aI., 2004; K. Manies, personal 
communication) and one site within Canada (Manies et aI., 
2006). For more information on these equations, see Support­
ing Information, Table S1. 

We used a range of tools to sample different soil horizons for 
chemistry, bulk density, and moisture content. Organic soil 
horizons were sampled by hand using a variety of soil knives, 
scissors, and saws to ensure good volume measurements. 
Surface organic samples were taken in small increments (2-

5 cm), depending on the horizon thickness and homogeneity of 
material. Mineral samples in the active layer were taken in 5-

10 cm increments using small soil augers or soil knives. Near­
surface permafrost ( < 3 m) cores were obtained using a SIPRE 
(Snow, Ice, and Permafrost Research Establishment) corer 
(7.5 cm inside diameter) with Tanaka power head. We collected 
a minimum of one near-surface permafrost core from each 
stand. Deep permafrost samples (up to 21.5 m) were collected 
in May 2008 in association with the State of Alaska Depart­
ment of Transportation and Public Facilities (AKDOT&PF). 
Samples were obtained along a transect spanning both Un­
burned Mature and 2003 Burn stands. Hollow stem drilling 
was performed by AKDOT&PF with a drill rig equipped with 
a modified CME sampler (Central Mine Equipment Inc., St. 
Louis, MO, USA). Subsamples of frozen soil were collected 
from deep permafrost cores based on differences in visible ice 
content, soil texture, and the presence or absence of organic 
matter. 

We analyzed soil samples (organic horizons, mineral soil of 
the active layer, near-surface and deep permafrost) for total C 
and nitrogen (N) using a Carlo Erba NA1500 (CE Elantech, 
Lakewood, NJ, USA) elemental analyzer. For organic horizon 
samples, where inorganic carbon (IC) is largely absent, total C 
represents total OC. For all mineral soil horizons, we first 
removed carbonates using the acid fumigation technique 
(Hedges & Stern, 1984; Komada et a l., 2008) before running 
samples to determine total OC concentration. Briefly, we 
preweighed samples in silver (Ag) capsules and transferred 

them to a small desiccator. Samples were wet with 50 ilL of 
deionized water and then exposed to vaporous hydrochloric 
acid (1 N) for 6 h, during which carbonates degassed from 
samples as CO2, We also ran mineral samples without acid 
fumigation to determine total C concentration. Total IC was 
calculated as the difference between total C and total Oc. OC 
stocks were calculated by horizon type by multiplying OC 
concentration (% by mass), bulk density (oven dry), and 
horizon thickness. We then calculated total OC stocks to 1 m 
and estimated the range of OC stocks in yedoma deposits. 

Organic matter and mineral soil samples from three profiles 
(Unburned Mature, 2003 Burn, 1967 Burn) were analyzed for 
radiocarbon (14C) to evaluate accumulation rates and turnover 
times of OC throughout the soil profile. Samples were sent to 
the W. M. Keck C Cycle Accelerator Mass Spectrometer (AMS) 
Laboratory at the University of California Irvine for analysis as 
described in Southon et al. (2004). To evaluate the effect of acid 
fumigation on carbonate removal, a subset of bulk mineral 
samples received an acid-base--acid (ABA) pretreatment, con­
sisting of an acid wash (HC!), repeated base washes (NaOH), 
and one final HCl treatment followed by a rinse with deio­
nized water. A sample of 14C-free coal was also ABA treated to 
ensure no 14C contamination during the pretreatment process. 
Organic matter from soil was then combusted at 900°C in 
evacuated, sealed quartz tubes in the presence of cupric acid 
and Ag wire. Following cryogenic purification, CO2 was 
reduced to graphite in a reaction at 500-550 °C using the sealed 
tube Zn reduction method (Xu et aI., 2007). Radiocarbon data 
are reported as L\ 14e, or the per mil deviation of the 14C/12C 
ratio in the sample from that of an oxalic standard that has 
been decay corrected to 1950 (Stuiver & Polach, 1977). T he 
L\ 14C values we report have been corrected for mass-depen­
dent fractionation using the in situ simultaneous AMS L\ J3C 
measurement. 

Soil C accumulation rates in organic, mineral, and 
permafrost soils 

We used a fire chronosequence approach to quantify rates of C 
accumulation in surface organic layers (Harden et aI., 1997) 

and a radiocarbon model (e.g. Trumbore & Harden, 1997) to 
quantify rates of C accumulation in thawed mineral soil and 
near-surface permafrost. For both methods, the net change in 
C storage (dC/ dt) is governed by annual C inputs (modeled as 
constant I; kg C m-2 yr-1), decomposition (modeled as first 
order loss constant, k; yr-l), and OC stocks in a given year 
[C(t)]. The C balance for any given year is reflected in the 
equation: 

dC/dt = I - kC(t). (1) 

If we assume that the initial C concentration (Co) is zero, 
solving this equation yields the following equation: 

C(t) = (Ilk) x (1 - exp(-kl)). (2) 

To determine the net rate of C accumulation in surface 
organic horizons, we plotted recent C [c(t)] stocks (i.e. C 
recovery, or C stocks above char layer in organic horizon) vs. 

© 2010 Blackwell Publishing Ltd, Global Change Biology, 17, 1461-1474 
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t (as determined by chronosequence fire scars). This plot was 

then fit with Eqn (2) to derive estimates of I and k for shallow 

organic horizons between fire events. For thawed mineral soil 

and permafrost, we used radiocarbon data to determine the 

age of OC at a given depth. We then plotted cumulative OC 

stocks [C(t)] vs. t (as determined by radiocarbon) and fit Eqn 

(2) to the data to determine I and k. Trumbore & Harden (1997) 

used this radiocarbon method for sites dominated by moss 

(e.g. Sphagnum spp.), where vertical mixing of layers is mini­

mal. Here, we also assume that mixing of organic matter in 

mineral soil is minimal. This assumption is supported by the 

occurrence of syngenetic permafrost, which formed in con­

junction with the accumulation of sediment. However, in some 

soil horizons, we observed the effects of cryoturbation, which 

is an important mechanism of soil mixing and C burial 

(Bockheim, 2007; Ping et a l., 2008b). Our estimates of soil C 

accumulation in mineral soil incorporate both syngenetic 

aggradation and cryoturbation processes. 

Model description and development 

Harden et a l. (2000) developed a long-term C accumulation 

model to examine the role of wildfire on C dynamics in 

shallow and deep organic horizons. We modified the model 

to include both unfrozen and frozen mineral soil horizons (see 

Supporting Information for model details). To incorporate C 

dynamics of mineral soil into the model, we first simulated 

permafrost dynamics over time using the simple empirical 

relationship between ALD and OHT, as measured across the 

fire chronosequence at Hess Creek. OHT at a given time-step 

was calculated from OC stocks in each organic horizon (Cshal-
low and Cdeep at time 0, following the equations of Yi et al. 
(2009a) and modified to fit our observations at Hess Creek: 

(3) 

where Csum are the cumulative C stocks for a given horizon 

type, Xsum is the summed thickness of the horizon,and a and b 

are regression parameters. Summed thickness refers to the 

addition of multiple sample thicknesses taken from a given 

horizon (e.g. fibric horizon) for C analysis. For our study, we 

divided organic soils in three distinct horizons following the 

approach of Yi et al. (2009a): live/dead moss, fibrous organic 

matter, and amorphous organic matter. In our model simula­

tions, ALD averaged between 40 and 50 cm in a mature black 

spruce stand and between 75 and 85 cm in a recently burned 

stand. 

Inputs (Immeral) of C to mineral soil (Cmmeral) were based on 

Eqn (2) for thawed mineral soil at a recently burned stand 

(2003 Bum). Cmineral consists primarily of roots, char, and 

buried wood. Initial Cmineral values were determined from 

the simple linear relationship between cumulative C stocks 

and cumulative thawed mineral thickness as measured at Hess 

Creek [Eqn (4)]. ALD governs the proportion of Cmineral that is 

either in the seasonally thawed (Cactive-layer) or perennially 

frozen (Cpermafrost) state, and thus determines the rate at which 

Cmmeral will decompose. Cactive-layer decomposes at first order 

decay constant kactive-layer [as determined from Eqn (2)], while 

Cpermafrost decomposes at first order decay constant kpermafrost 

[as determined from Eqn (2)]. Maximum ALD measured at 

Hess Creek was 84 em from 2007 to 2009, which suggests that 

bum severity of recent fires was not sufficient to cause deeper 

thaw in this ice-rich silt. For each soil horizon, our estimates of 

I and k represent average input rates and turnover, respec­

tively, and thus integrate past climatic, nutrient, and succes­

sional controls on C inputs to soil. 

Forecasting changes in deep soil 

To evaluate the potential effect of future changes in the fire 

regime on soil C dynamics, we conducted a full factorial 

experiment varying fire return interval (FRI) and bum severity 

(SEV) and evaluated C storage in organic and mineral soil 

horizons. This approach allowed us to evaluate both the effects 

of individual factors on soil C dynamics, and also to evaluate 

the interaction between these two factors. For FRI, we pre­

scribed two frequencies (120 and 80 years), based on the range 

of FRIs reported for other black spruce ecosystems in the 

boreal region (Kasischke et al., 1995). We also prescribed bum 

severities of 64% and 77% (percentage of total organic layer 

depth consumed during fire), which reflect average modern 

burn severities for north (i.e. intermediate severity) and south­

facing slopes (i.e. high severity), respectively, in interior Alaska 

(Kane et a l., 2007). In this model, SEV did not result in the 

direct combustion of organic matter in mineral soil or impact 

char inputs to mineral soil. FRI and SEV parameters were 

prescribed to reflect potential changes in the fire regime of 

black spruce ecosystems in response to future warming (e.g. 

Flannigan et al., 2009). Because active-layer dynamics in the 

model were governed by our field measurements across the 

chronosequence, the model did not cause deep thawing of 

near-surface permafrost in any of the four future scenarios. To 

evaluate the effect of deep thawing on soil C dynamics, we ran 

a fifth scenario where all of the near-surface permafrost 

thawed with a FRI of 80 years and SEV of77%. For each fire 

scenario, we ran the calibrated model up to the year 6500, at 

which point we shifted the fire regime and tracked OC stocks 

under these different fire treatments. We assume in the model 

that I and k values remain constant. While we recognize that 

this is unlikely due to sensitivity of I and k parameters to the 

changes in fire regime, air and soil temperature, and soil 

moisture, this assumption allows us to isolate the interactions 

among fire regime, permafrost, and deep C storage. 

Results 

Field characterization of soil properties 

We observed a negative ex ponential relationship be­

tween ALD (cm) and OHT (cm; R2 = 0.79; P = 0.0029; 

Fig. 1), characterized by the equation: 

ALD = 103.7537 x e(-O.0349xOHT). 
(4) 

OHT varied across the fire chronosequence, aver­

aging 24 ± 1 cm (± SE ) in Unburned Mature stands, 
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16 ± 1 cm in the 1967 burn, and 14 ± 1 em in the 2003 
Burn. ALD also varied across the fire chronosequence, 
averaging 45 ± 1 em in Unburned Mature stands, 
53 ± 2 cm in the 1967 Burn, and 65 ± 2 cm in the 2003 
Burn. 

In general, bulk density (oven dry) pooled for all 
chronosequence sites varied with soil horizon type 
(Table 1). Organic soil horizons had low bulk density 
values, averaging 0.05 ± 0.01 gem -3 in both live moss 
and fibrous horizons and 0.23 ± 0.05 g cm -3 in amor­
phous organic horizons (Table 1). Mineral soil of the 
active layer (A, B, and C horizons) generally had higher 
mean bulk density values (1.23 ± 0.06 g cm -3) than fro­
zen mineral soil (0.93 ± 0.02 g cm -3). This difference in 
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Fig. 1 Relationship between active layer depth (ALD) and 

organic horizon thickness (O HT) measured across chrono­

sequence at Hess Creek. The curve is represented by the follow­

ing exponential equation: ALD = 1 03 .7537 x e(-O.0349 x OHT). O HT 

and ALD measurements were drawn from replicate 2003 Burn 

(n = 3) and Unburned Mature (n = 3) stands, and individual 1 9 67 

Burn and 1990 Burn stands. 

Table 1 Summary of soil properties across different soil horizons 
., 

bulk density between frozen and thawed mineral soil 
can be attributed to the high volumetric ice content of 
syngenetic permafrost, which averaged between 66% 
and 78% in the top 10 m of permafrost (Table 1). 

Soil chemistry 

OC concentration averaged between 38.17 ± 1.00% in 
the organic soil horizons, 3.37 ± 0.68% in mineral soil of 
the active layer, and 1.70 ± 0.11 % in permafrost when 
data were pooled for all sites (Table 1). Similarly, 
organic N averaged between 1.02 ± 0.03% in the organ­
ic horizons, and 0.15 ± 0.02% in mineral soil (active 
layer and permafrost). IC averaged 0.10 ± 0.07% in 
mineral soil of the active layer and 0.43 ± 0.03% in 
permafrost. In the mineral soils of the active layer, IC 
only accounted for 3% of total C. However, in perma­
frost, IC accounted for between 14% and 25% of total C. 
OC stocks in the Unburned Mature stand averaged 
6.59 ± 2.46,6.11 ± 3.15, and 4.43 ± 1.95 kgCm-2 in the 
organic horizon, mineral soil of the active layer, and 
near-surface permafrost, respectively (Fig. 2a). In the 
2003 Burn, OC stocks averaged 4.26 ± 0.65, 9.79 ± 0.80, 
and 4.66 ± 0.62 kg C m -2 in the organic horizon, mineral 
soil of the active layer, and near-surface permafrost, 
respectively (Fig. 2a). The relationships between Csum 
and Xsum for each organic horizon type are illustrated in 
Fig. 3a. For mineral soil in the active layer, we observed 
a positive linear relationship between cumulative OC 
stocks and the summed thickness of mineral soil hor­
izons in the active layer (Fig. 3b), and is described by 
the equation: 

Csum = 0 .1843xsum + 0.1503, (5) 

where Xsum is thickness in cm and Csum is OC in 
kg C m -2 summed to that depth. OC density in deep 

Field horizon type Sample size Bulk density (g cm-3) Field VWC (%) O rganic C (%) O rganic N (%) Inorganic C (%) 

Surface organic horizons 
Live moss 16 0.05 ± 0 .01 1 6  ± 4 39 .8 ± 0.7 0 .97  ± 0.07 nd 
Fibrous 32 0.05 ± 0 .01 14 ± 3 4 1.7 ± 1.1 0.9 5 ± 0.05 nd 

Amorphous 2 5  0 .23 ± 0.05 39 ± 4  3 5.3 ± 2 .3 1.08 ± 0.06 nd 

Mineral soil in active layer 
AlBIC 63 1 .23 ± 0.06 56  ± 2 3 .4 ± 0.7 0 .17 ± 0.Q2 0.10 ± 0 .07 

Permafrost 
fC (<lm) 29 0.70 ± 0 .0 6  7 8  ± 2  1.5 1 ± 0.23 0 .1 0  ± O.oJ 0.32 ± 0.13 

fC (l -2 m) 79 0.92 ± 0.03 6 8  ± 1 1.32 ± 0.13 0.11 ± 0.01 0 .44 ± 0.03 

fC (2 -5 m) 4 5  0.99 ± 0.04 66 ± 2 2 .5 5  ± 0 .39 0.2 1 ± 0.03 0.4 1 ± 0.05 

fC (5-lOm) 59 0.9 1 ± 0.04 72 ± 2 1 .78 ± 0.17 0.14 ± 0.01 0.56 ± 0.07 

fC (l0-2 0m) 17 0.99 ± 0.06 72 ± 2 1.78 ± 0.2 7 0.13 ± 0.02 0.30 ± 0.05 

Reported values reflect means ± standard error. 

VWc, volumetric water content; nd, not determined . 
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permafrost (i.e. yedoma deposits) from all sites was 
relatively consistent with depth (in top 20 m), averaging 
15.48 ± 1.02kgCm-3 (Fig. 2b). IC density in yedoma 
was considerably lower than OC density, 
averaging < 5 kg m -3 throughout the entire profile. To 
estimate total OC stocks, we stratified our study region 
into ice-rich yedoma (gravimetric moisture con­
tent = 94.9%; wedge ice volume = 34.7%; frozen loess 
thickness = 16-30 m) and ice-poor yedoma (gravimetric 
moisture content = 76.0%; wedge ice volume = 2 .4%; 
frozen loess thickness = 9.5-12m). Based on our esti­
mates, OC stocks in the ice-rich region ranged between 
177 and 333 kgCm-2 (for depths 16-30 m), whereas OC 
stocks in the ice-poor region varied between 162 and 
205 kg C m -2 (for depths 9-12 m). 

In general, ,114C values of organic matter decreased 
with depth in three soil profiles along the fire chrono­
sequence (Fig. 4), reflecting the shift from young (i.e. 
modern) C in shallow organic horizons, to intermediate 

(a) 
12 - Surface orpnic horizon 

"e' _ ActIve layer 
_ Permafro$! to 1 m 

(.) 10 
l 8 III "" 
� 6 
III 

(.) " 
.S:! 
Ii: 2 /\I 
E!' 0 0 

Unburned mature 2003 Burn 

age C in deep organic horizons and mineral soil of the 
active layer, to old C stabilized in permafrost. In shal­
low organic horizons, we observed the incorporation of 
bomb-spike 14C into regrowing moss layers (note posi­
tive ,114C values in Fig. 4a and b), which reflects the 
recent balance between C inputs from net primary 
productivity (NPP) and decomposition rates. We also 
measured ,114C of bulk mineral samples and pieces of 
charred wood buried in mineral soil; however, we did 
not measure substantial differences in ,114C values 
between them. In one soil profile, we observed a zig­
zag pattern between ,114C values and depth (Fig. 4a), 
which likely reflects burial of younger organic matter 
below older sediments through the process of cryotur­
bation. We used two acid fumigation treatments (ABA 
and acid fumigation) to remove carbonates from miner­
al soil samples prior ,114C analysis. The effect of these 
treatments on ,114C values of mineral soil was small, as 
reflected by the similarity in values across ABA, acid 
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Fig. 2 (a) OC stocks in organic horizons, mineral soil of the active layer, and permafrost down to 1 m in a mature and recently burned 
stand. (b) OC and IC density with depth in frozen loess deposits at Hess Creek. Data are means ( ± 1 standard error). 
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Fig.3 Relationship between cumulative OC stocks (kgC m-2) and (a) summed thickness of individual organic horizons and (b) 
summed thickness of mineral horizons in the active layer (R2 = 0.95; P<O.OOOl) . (a) Exponential curves [Eqn (3)] are fit to live/dead 

moss (solid line; a = 0.49; b = 0.50; R2 = 0.27; P = 0.1 9), fibrous organic matter (short-dashed line; a = 0.59, b = 0.59; R2 = 0.52; P = 0.01), 

and amorphous organic matter (long-dashed line; a = 0.26; b = 1 .27; R2 = 0.77; P = 0.0002). 
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Fig. 4 Patterns of .tl. l4C of soil organic matter wit.'1 depth across 

three stand ages near Hess Creek, Alaska. ABA refers to 'acid­

base-acid: treatment" which "vas conducted to remove organic 

matter and inorganic C from the surface of soil particles. 

fumigation, and untreated samples (Fig. 4a and c). This 
similarity suggests that the precipitation of carbonate 
and incorporation of organic matter were synchronous 
during the formation of syngenetic permafrost 

Rates of C accumulation 

The rate of net C accumulation and the inputs 
and decomposition rates varied considerably among 
shallow organic horizons, mineral soil in the active 
layer" and mineral soil in the permafrost. In shallow 
organic horizons, we estimated net accumulation 
rate to be 0,015 kg C m-2 , where averaged 
0.050 ± 0.011 kg C m··2 yr and averaged 
0 .. 017 ± 0.006 yr-1 (Fig. Sa; Table 2) To estimate [mineral 
and we used OC and radiocarbon inventories 

from the 2003 Burn, because mineral soil comprised a 
large proportion of active-layer soil in the recent burn 
stands. Net C accumulation in unfrozen mineral soil 
was considerably lower (O.002 kgCm-2 yr-1), as were 
Imineral (0,003 ± O.002kgCm-2 yr-1) and 
(0.0002 ± 0.0002 yr·1; Fig. 5b). For permafrost, we only 
used Eqn (2) for the Unburned Mature stand. For the 
2003 Burn and 1967 Burn, we used simple linear accu­
mulation, as the data did not conform to the exponential 
regression function (Fig. 5c). As a result, we were able to 
calculate inputs across all three sites, but only calCulate 
kpmnafrost at the unburned site. Ipermafrost to the perma· 
frost pool varied from 0.001 to 0.003 kg C m -2 yr-l

. 
For the unburned stand, we estimated net C accu· 
mulation as 0.001 kgCm-2 yr·1 and kp2nnafrost as 
0.0003 ± 0.0002 yr-1. A lso, the radiocarbon ages of 
organic matter in permafrost varied across sites, likely 
reflecting spatial differences in loess deposition rates 
and/ or distu.rbance history. 

ll.1odeling soil C dynamics 

At end of the 6500 years model run, total OC stocks 
varied betw'een 17 and 24 kgCm-2, depending upon 
the stand age (Fig. 6). I,Vhereas OC accumulation and 
loss in organic horizon was driven by fire dynamics, OC 
stocks in mineral soil were less sensitive directly to fire 
and more sensitive to changes in ALD .  Based on the 
parameterization for our model verification (see Sup­
porting Information, Fig. 52), the OC in unfrozen 
mineral soil accumulated at a slow rate , with average 
input of 0.003 kgCm-2 yr-1 and a turnover time of 
approximately 2500 years (Table 3). Permafrost OC 
stocks accumulated at an even slower rate, with input 
of 0.003 kg C m -2 yr -1 and a turnover time of> 3300 
years (Table 3)0 

After 6500 years of landform and soil development, 
we observed significant changes in total OC stocks in 
response to different changes in the fire regime. In 
model scenarios where permafrost only partially 
thawed (Le. first four scenarios), fire caused a sharp 
decline in total OC stocks from 17-24 to 14-18 kgCm-2, 
depending on the treatment (Fig. 6). The low frequency, 
lov; severity (FRI = 120 years, SEV = 64%) fire treatment 
resulted in the smallest reduction of total OC stocks, 
whereas the high frequency, high severity (FRl = 80 
years, SEV = 77%) fire treatment resulted in the largest 
reductions of total OC stockso Based on our model, 
the primary losses of soil OC stocks occurred in the 
deep organic horizon in response to high burn severities 
(Fig. 7a). 

Approximately 500 years after the fire regime shift. 
total OC stocks began to reaccumulate, with C gains 
outpacing losses via decomposition and fire. T hese C 
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gains were due in part to the stabilization of OC by 
permafrost across the first four model scenarios (Fig. 
7a). To evaluate the role of near-surface permafrost as a 
mode of stabilizing Oc, we analyzed mineral OC accu­
mulation 'with permafrost' and 'without permafrost'. 
For scenarios with permafrost, we observed net in­
creases in OC in mineral soil across all fire scenarios 
(Fig. 7a). For the scenario where fire-induced deeper 
perrnafrost thaw, we observed a net loss of OC from 
mineral soil (including both permafrost and active-layer 
pools). The increase in soil OC stocks in mineral soil of 
the active layer under the 'without permafrost' treat­
ment reflects the transfer of thawed permafrost C to the 
active layer pool. From this analysis, we observed that 
total mineral OC stocks accumulate at a higher rate 'with 
permafrost' than 'vvithout permafrost' (Fig. 7b) The 
difference in OC accumulation rates between treatments 
begins during the model spin-up (0-6500 BP) and is 
exacerbated following the fire regime shift, when mineral 
OC stocks 'vvithout permafrost' stop accumulating OC 

Discussion 

C accumulation and turnover in boreal soils 

While the direct effects of v,rildHre and permafrost on 
soil OC have been the focus of much research (e.g. 
Bond-Lamberty e/ 2007.: Schuur et aI., 2009) the 
interactive effects of wildfire and permafrost have re­
ceived comparatively little attention In this study, we 
demonstrate that the interaction between fire and penna­
frost governs OC accumulation in upland forest soils of 
the boreal region. Fire indirectly alters OC stocks in 
mineral soil by reducing O HT� which in turn influences 
ALD (Fig. 1). In our model, ALD determines the pro­
portion of mineral soil in a seasonally thawed (i.e. active 
layer) or perennially frozen (i.e. permafrost) state, and 
in turn,. governs the susceptibility of OC in mineral soil 
to microbial decomposition. Our findings indicate that 
the presence of near-surface permafrost aids OC stabi­
lization through the upward movement of the perma­
frost table between fire cycles, with ALD being driven 

2000 3000 <lGOO 
RlIdkoclirbon age iy BPI 

Fig. 5 Soil OC accumulation in different soil horizons at Hess Creek. For the shallow organic horizons (a), OC stocks above char (i.e. C 

recovery) is plotted vs. stand age as measured across the upland Hre-thaw chronosequence. Here, we fit an exponential curve [Eqn (2)] to 
the data follOWing Harden et ai. ( 1997) to estimate ic:'cputs (I.e. NPP) and a decay constant (k) for the shallow organic horizon. For mineral 

soil in the active layer (b), OC stocks are plotted vs. radiocarbon age and fit with an exponential curve following Trumbore & Harden 

( 1997). For perrna£rost (el, OC stocks are also plotted vs. radiocarbon age. The dashed line represents an exponential curve, while the 
solid lines represent a linear fit to the data. Inputs; decay constants and net C acclli�ulation rates estimated fraITt these approaches are 
summarized in Table 2. 

Table 2 Input and decomposition tenns derived from fits of data in Fig. :; to Eqns 0) and (2) for surface organic horizons. active 
layer, and permafrost 

Site description 

Cumulative C 

(kgCm-2) 

Recent C accumulation soil abO'i.'e char 
Hess Creek Chronosequence 2 .03 ± 1.08 

C accumulation in mineral soil of the active 
2 003 Burn 6.2 8 ± 4 .73 

Unburned mature 

2 003 Bum 

19 67 Burn 

6.2 6 ± 4 .65 

10.72 ± 6.14 
7.42 

Data represent mean values ± 1 standard deviation. 

Inputs 
(kgC m-2 

0.050 ± 0.011 

0.003 ± 0.002 

0.003 ::c: 0.0003 

0.002 :': 0.0004 

0.001 ± 0.00007 

k 

0.0173 ± 0.0056 

0.0002 ± 0.0002 

0.0003 ± 0.0002 

2 010 Blackwell Publishing Ltd, Global 

Net accumulation/loss rate 

(kgC m- 2yr l) 

0.015 

0.002 

0.001 

-0.001 

-0.001 
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by ecosystem recovery and moss regrowth. Thus, dis­

turbance by fire interacts with permafrost to create a C 

'pump' from the active layer to the near-surface perma­

frost, effectively arresting decomposition by transfer­

ring organic matter to the 'freezer'. This finding is 

consistent with the short-term dynamics captured in 

the modeling analyses of Yi et a/. (2010), where CO2 
exchange shows a net efflux immediately following fire 

and net uptake several years postfire. 

We also illustrate that loss of permafrost following 

high-severity fires will result in a net loss of OC from 

deep mineral horizons through enhanced decomposi­

tion. These results imply that the vulnerability of deep 

OC stocks to future warming, and thus the magnitude 

of terrestrial C cycle feedbacks to the climate system 

from permafrost-dominated regions, is closely linked to 

the sensitivity of permafrost to wildfire disturbance. 

This finding is likely true for a wide variety of perma-

25 
-
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Cl 
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o 

.... 
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-- FRI 80 SEV 64 
-- FRI80 SEV 77 (permafrost) 
-- FRI 80 SEV 77 (no permafrost) 
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Years 
Fig. 6 The sensitivity of total OC stocks to a change in fire 

regime. The five colored lines reflect different fire scenarios that 

vary with respect to fire return interval (FRI; 120 and 80 years) 

and bum severity (SEV; 64% and 77% of organic matter com­

busted). The gray line represents a scenario where all of the 

permafrost thawed following a fire regime shift (PRI 80 years, 

SEV 77%). FRI and SEV before the fire regime shift at year 6500 
were prescribed as 150 years and 41 %, respectively. 

frost landscapes, although the water table and soil 

moisture will dictate both fire severity (and in response 

ALD) and rates of regeneration. For example, postfire 

reduction of organic horizons and increase in ALD can 

greatly lower the water table in well-drained black 

spruce stands, enhancing decomposition immediately 

following fire (Yi et a/., 2010). In poorly drained black 

spruce stands, however, water table depth and decom­

position tend to remain relatively stable across fire 

cycles (Yi et a/., 2010). 

Mineral soils in black spruce ecosystems receive OC 

from a variety of sources, including roots, char, humic 

organic matter, and leaching of dissolved organic mat­

ter. Our estimates of OC input rates to mineral soil 

(O.003kg C m-2yr-l; Table 2), as determined by the 

radiocarbon methodology, are lower than rates mea­

sured in other systems (0. 019-O.026kg C m-2yr-1; Rich­

ter et a!., 1999). Richter et a!. (1999) directly measured C 

inputs to mineral soil in a temperate forest. The differ­

ence between C inputs to mineral soil of a temperate 

and boreal forest was likely driven by variation in forest 

productivity between biomes (Jobbagy & Jackson, 

2000), and by access of roots to mineral substrate. In 

permafrost systems, such access is limited by soil tem­

perature and water state. Cryoturbation is another 

mechanism for incorporating soil C into mineral soil 

and permafrost at high latitudes (Michaelson et a/., 1996; 

Bockheim, 2007), particularly mixing associated with 

the movement of fluid materials during thawing of ice­

rich permafrost (Swanson et a!., 1999). We observed 
evidence of cryoturbated horizons in a number of soil 

profiles (e.g. Fig. 4a). Many studies have suggested that 

cryoturbation activity increases with warming (see re­

view by Bockheim, 2007), but it is unclear how fire 

might influence rates of C burial by cryoturbation. Our 

estimates of OC input to the permafrost pool (Table 2) 

likely reflect a range of processes, including cryoturba­

tion, the burial of OC through a rise of the permafrost 

table as a result of sedimentation (i.e. syngenetic per­

mafrost aggradation), and OC incorporation into the 
permafrost pool in response to the upward movement 

Table 3 Parameters used in fire-permafrost interaction model derived from field data (Table 2) and model calibration (Supporting 

Information Figs S2 and S3) 

Model parameters Description Units Model input Sources 

Ishallow Inputs to shallow organic horizon kgC m-2yr-1 0.06 Hess Creek chronosequence 

kshallow Decay constant for shallow organic horizon yr-1 0.024 Hess Creek chronosequence 

kdeep Decay constant for deep organic horizon yr-l 0.0025 Model validation from this study 

Imineral Inputs to mineral horizons kgC m-2yr-1 0.003 14C accumulation model 

kactive-layer Decay constant for thawed mineral horizons yr-l 0.0004 l4C accumulation model 

kpermafrost Decay constant for permafrost yr-l 0.0003 l4C accumulation model 

PRI Fire return interval year 150 Mature stand ages at Hess Creek 

SEV Burn severity % 41 Harden et al. (1997) 

© 2010 Blackwell Publishing Ltd, Global Change Biology, 17, 1461-1474 
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Fig, 7 (a) Changes in OC storage across five model scenarios vv-ith contrasting fire regimes .  Values reflect th.e differenc'2 in a"Ferage OC 
storage after the fire regime shift (years 6.500-1 0 000) relative to a"l/erage OC stocks during the last fire cycle of the spin-up (years 6350-

6500) . .A positive value indicates a net OC gain, vv-hile a negative ,.,,�alue reflects a net OC losso (b\ Comparison ot rrlineral OC acclliliulation 
between a fire scenario with near-surface pennafrost and when !lear-surface permafrost completely thaws. 

of the permafrost table between fires (i.e. quasi-synge­
netic permafrost aggradation). 

Decomposition of organic matter in mineral soil was 
influenced by ALD, which determined the proportion 
of OC in unfrozen mineral soil of the active layer vs. 
near-surface permafrost . While our field data suggested 
that and kpenr,afrost were not significantly 
different (Table 2), a model calibration procedure in­
dicated that turnover times were slightly raster in un­
frozen active-le.yer soil (2500 years) than in permafrost 
(3300 years; Table 3, Supporting Information, Fig< S3) . 
These turnover times determined through model cali­
bration were consistent with turnover times determined 
through radiocarbon methodology. Furthermore, these 
findings are consistent with previous studies, which 
have documented faster decomposition rates in 
unfrozen soil than in frozen soil (Mikan et aI., 2002; 
Dioumaeva et ai., 2003) .  In addition to the direct effects 
of temperature, slower rates of decomposition in near­
surface permafrost are likely due to low unfrozen water 
content (Romanovsky & Osterkamp, 2000; Schimel & 
Mikan, 2005) and low microbial abundance and activity 
relative to active-layer soils (Waldrop et ai ., 2010) .  Our 

model simulations show that the transfer of OC from 
the active layer to the permafrost pool is critical for 
lessening OC losses via decomposition and increasing 
net accumulation rates iE mineral soil across £ire cycles 

We also observed large quantities of OC buried in 
deep loess deposits (i .e . yedoma; 2b) .  OC density in 
yedoma averaged 15.4 ::t: O.S kg C m -3 across the study 
area, consistent with values reported by other research­
ers (Dutta et ai ., 2006; Khvorostyanov et aI ., 2008; Ping 
et at ., 200Sa; Schuur et 200S) .  Yedoma sampling at 
Hess Creek revealed striking spatial variability in loess 
thickness, wedge ice volume, and segregated ice 
volume (Shur et al . ,  2010), which can greatly influence 
estimates of OC stocks. By stratifying our study area 
into ice-rich and ice-poor sections, we were better able 
to address the impact of ground ice on OC stocks. OC 
accumulation rates in permafrost varied among three 
profiles, which may reflect spatial variation in loess 
deposition,. OC inputs or OC losses via decomposition 
from permafrosL In two profiles (2003 Burn and 1967 
Burn), accumulation rates were lineaL suggesting that 
decomposition rates were low relative to OC inputs . In 
a third profile (Unburned Mature), OC accumulation 
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decreased with radiocarbon age, reflecting an increase 
in decomposition relative to OC inputs over time. 

Implications of future changes in climate, 
permafrost stability 

and 

A number of recent studies have reported that future 
climate warming will likely increase fire activity in the 
boreal region (Gillett et aI., 2004; Duffy et at .. 2005; Balshi 
et 2009b; Flannigan et 2009). The vulnerability of 
permafrost to fire will likely depend most on changes in 
burn severity (Fig. 6; Jorgenson et aI ., 2010) but also on 
fire frequency and rates of ecosystem recovery between 
fire events (Shur & Jorgenson, 2007). Based on our 
modeling results, a shift in fire regime to both more 
frequent and higher severity fires would cause the most 
significant response, with a shift from a net C sink to a 
net C source to the atmosphere, primarily due to OC 
losses from deep organic horizons (Fig. 7a). Additional 
OC losses may occur if near-surface permafrost com­
pletely degrades, mobilizing old permafrost C. The 
results of these modeling analyses could inform future 
investigations in boreal ecosystems underlain by per­
mafrost, particularly those experiencing climate-driven 
changes in the fire regime (Kasischke & Turetsky, 2006; 
Flannigan et 2009). Furthermore, similar responses 
to fire might be possible in response to tundra fires in 
the continuous permafrost zone (e.g. Jones et ai., 2009). 

Meanwhile. future increases in NPP could offset soil 
OC losses from changes in the fire regime and subse­
quent permafrost thaw. To estimate how much NPP 
would have to increase to maintain current ecosystem C 
budget we calculated the difference between mean OC 
stocks during the last fire cycle of the model spin-up 
(6350-6500 years) and mean OC stocks after the next 
three fire cycles after the fire regime shift at 6500 years. 
Our calculations suggest that moss and tree NPP would 
collectively have to increase by 7-14% in the next two to 
three centuries in order to offset soil C losses. Recent 
studies suggest that NPP of the boreal region may 
indeed increase in response to increased temperature, 
CO2 fertilization, N availability, and increased fire fre­
quency ( Peng & Apps, 1999 : Balshi et aI ., 2009a) Recent 
findings suggest that permafrost thaw may increase soil 

N availability (Schuur et 2007), which if within the 
rooting zone can partially offset OC losses from recently 
thawed soil (Schuur et aI . ,  2009). Furthermore, severe 
fires can result in the conversion of black spruce forests 
to deciduous stands (Johnstone et al., 2009). which tend 
to have higher rates of NPP (Bond-L amberty et a/ . ,  

2007) However, conversion to deciduous stands v,ill 
likely reduce soil OC storage through the loss of thick 
organic horizons and permafrost. Together with our 
findings, these studies suggest that while productivity 

may increase in the future, soil C turnover may also 
increase, resulting in a reduction of C storage in soils. 

ALD is also a function of summer air temperatures, 
precipitation, snow depth, and soil therw.al properties 
(Romanovsky & Osterkamp, 2000; Yoshikawa et al. .  

2003; Nowinski et aI . ,  2010). However, we calculated 
AL D as a direct function of O HT and thus, values were 
constrained by our field measurements across the fire 
chronosequence at our site and in today's climate (Fig. 
1). Fire did not cause deep thawing (> 1 m) of near­
surface permafrost, perhaps due to low fire severities 
(Yoshikawa et ai., 2003), the presence of an ice-rich 
intermediate layer requiring high latent heat for thaw­
ing (Shur et aL 2005), and/or the location of chronose­
quence sites on relatively cold, wet, north-facing slopes 
(Swanson, 1996). However, Viereck et al. (2008) ob­
served deep thawing of permafrost in an open black 
spruce stand following a fire near Fairbanks, with a 
maximum thaw depth of 302 em 24 years after the fire. 
Future fire regimes, together with warmer air tempera­
tures., may result in similar deep thawing of permafrost 
at Hess Creek. To more accurately assess the fu.ture 
response of ALD to fire and air temperature, permafrost 
dynamics should be simulated using numerical- (e.g. 
Marchenko et 2008) or process-based thermal mod­
els (e .g. Yi et al. . 2009b). 

Finally; soil C dynamics are sensitive to changes in 
temperature and moisture (L loyd & Taylor, 1994; 
Davidson & Janssens, 2006), and consequently, m odel 
parameters (e.g, I, k) should reflect these dynamics Yi 
et al. (2010) show that immediately following fire, 
increased soil temperatures and ALD enhance decom­
position and inorganic N availability to plants, \vhich 
results in increased NPP in early successional stands. 
However, in mid-successional stands, decreased ALD 
and cooler soils lower decomposition rates, inorganic N 
availabiiity, and rates of NPP (Yi et aI., 2010) .  Kane & 
Vogel (2009) report that soil OC storage decreased by 
nearly 50% with increasing temperature (from 100 to 
900 soil degree-days), presumably due to the increased 
rates of decomposition at higher temperatures"  In a 
synthesis of ecosystem warming experiments, above­
ground NPP and soil respiration increased by similar 
magnitudes to sustained warming across biomes (Rus­
tad et ai., 2001). However, there is still uncertainty 
regarding the comparative response of NPP and soil 
respiration to warming in the boreal region, where 
sensitivity analyses are complicated by fire disturbance 
and the presence of permafrost (Zhuang et ai. ,  2003). In 
our model, decay constants (k) integrate the 'apparent' 
sensitivity of decomposition to temperature and moist­
ure during past environmental conditions as measured 
in the field. However, model forecasting needs to ad­
dress the response of decomposition to future warming 
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and moisture dynamics. Thus, future simulation of soil C 
dynamics in our model is limited by our ability to predict 
the response of I and k to future climatic conditions. In 
the boreal region, researchers have conducted short-term 
incubations to estimate temperature response quotients 
(QlO) of decomposition across a range of organic matter 
substrates (Wickland & Neff, 2007; Waldrop et aI., 2010), 
which have aided parameterization of soil C models 
(Carrasco et al., 2006; Fan et aI., 2008). However, because 
soil C storage is a function of both inputs and losses, 
changes in OC stocks will also depend upon production 
and the response of plants to future warming (Heimann 
& Reichstein, 2008; Balshi et aI., 2009a). 

Conclusion 

Wildfire in the boreal region will likely exacerbate rates 
of permafrost thaw, but to date, has not been incorpo­
rated into climate models used for predicting loss of 
permafrost. Loss of permafrost will enhance decompo­
sition and loss of organic matter stocks from both 
organic and mineral soil layers, accelerating feedbacks 
from terrestrial ecosystems to the climate system. Such 
feedbacks invoke a soil C loss that is transient for 
hundreds of years, after which time C accumulates 
slowly in permafrost layers. For context, we estimate 
that net primary production would have to increase by 
up to 14% relative to present-day rates following per­
mafrost thaw in order for current C budgets to be 
maintained over such a regime shift .  
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