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Abstract. In the boreal region, soil organic carbon (OC) temperature and soil moisture; this control, in turn, is gov-
dynamics are strongly governed by the interaction betweererned by interannual changes in active layer depth. Transi-
wildfire and permafrost. Using a combination of field mea- tional responses of the active layer depth to fire regimes also
surements, numerical modeling of soil thermal dynamics,contributed to OC losses, primarily by determining the pro-
and mass-balance modeling of OC dynamics, we tested thportion of OC into frozen and unfrozen soil layers.

sensitivity of soil OC storage to a suite of individual climate
factors (air temperature, soil moisture, and snow depth) and

fire severity. We also conducted sensitivity analyses to ex- i
plore the combined effects of fire-soil moisture interactions1 Introduction
and snow seasonality on OC storage. OC losses were cal-

culated as the difference in OC stocks after three fire Cy_High-Iatitude s_oils store large quantities of organic carbon
cles (~500yr) following a prescribed step-change in cli- (OC), accounting for nearly 50% of the global belowground

mate and/or fire. Across single-factor scenarios, our find-OC Pool (Tarmocai et al., 2009). Soil OC storage in many

ings indicate that warmer air temperatures resulted in thd'Orthern soils is governed by the presence of permafrost,

largest relative soil OC losses 6.3 kg C nr2), whereas dry which functions as a large _reseryoir for OC (Zimov et a}l.,
soil conditions alone (in the absence of wildfire) resulted 2006). Reécentwarming at high latitudes has caused localized

in the smallest carbon losses@.1kgCnt?). Increased thawing of permafrost (Osterkamp and Romanovsky, 1999;
fire severity resulted in carbon loss 0f3.3kgC nr2 Romanovsky et al., 2010), resulting in the release of old OC
whereas changes in snow depth resulted in smallér Oérom terrestrial ecosystems (Schuur et al., 2009). Permafrost

losses (2.1-2.2kg CT?). Across multiple climate factors thaw also can alter local soil thermal and hydrologic condi-

we observed larger OC losses than for single-factor scelions (Jorgenson et al., 2001; Yi et al., 2009b), which can
nfluence rates of microbial activity and OC loss from de-

narios. For instance, high fire severity regime associated o _ | : )
with warmer and drier conditions resulted in OC losses of¢0mposition. Modeling analyses project widespread thawing

~6.1kg C 2, whereas a low fire severity regime associatedOf permafrost in the next century (Euskirchen et al., 2006;

with warmer and wetter conditions resuited in OC losses of-awrence et al., 2008), but considerable uncertainty exists
~5.6kgCnT2. A longer snow-free season associated with regarding the fate of soil OC following thaw (Limpens et al.,

future warming resulted in OC lossese6.4kg C 2, Soil ~ 2008; Schuur etal., 2008).
climate was the dominant control on soil OC loss, governing Wildfire has the potential to exacerbate rates of permafrost

the sensitivity of microbial decomposers to fluctuations in thaw (Yoshikawa et al., 2003) and OC losses (Harden et
al., 2000) from soils of the boreal region. Through the

combustion of surface organic horizons, wildfire reduces

Correspondence tal. A. O'Donnell thermal insulation and increases active layer depth (ALD;
BY

(jodonnell@usgs.gov) Burn, 1998; Yoshikawa et al., 2003; Johnstone et al., 2010).
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Re-accumulation of the organic horizon between fire cycles  Input Data
can allow for the recovery of ALD to pre-fire depths (Vi et

al., 2011). This interaction between wildfire and permafrost| Air Temperature l
can have a profound influence on soil OC accumulation anc

loss (O’Donnell et al., 2011). ALD fluctuations across fire =T

cycles determine the proportion of OC in unfrozen or frozen Thermal Properties | A0 .| Fire-C Model
mineral soil, and thus, rates of OC accumulation or loss inlw of Soil Layers | Soil climate [ Seil C pools
deep soil horizons (O’'Donnell et al., 2011). In this manner,

ALD functions as a control on substrate (i.e. OC) availability

to microbial decomposers in unfrozen soils. Furthermore, the

magnitude of the ALD effect on soil OC loss is closely linked

to fire regime characteristics, such as fire severity (O’Donnell

etal., 2011).

Soil OC dynamics are also governed by the sensitivity of Fig. 1. The modeling framework of this study in which the Geo-
microbial decomposition to changes in soil climate, which physical Institute Permafrost Laboratory (GIPL) model was cali-
in the boreal region, is governed by complex interactionsbrated from measured temperature input data. GIPL was then used
among physical drivers, soil properties and disturbance (Jorto simulate active layer depth (ALD) and soil temperature profiles
genson et al., 2010). For example, increased soil temover a variety of cIim{?\te and soil cond_ition_s. The Fire-C model
peratures following fire can stimulate decomposition rates/S€d GIPL results to simulate changes in soil OC storage over mul-
(Richter et al., 2000; O'Neill et al., 2002). However, the tem- tiple fire cycles based on ALD and soil temperature (August mean

t itivity of d iti b d dd monthly temperature). Input data include air temperature, soil mois-
perature sensitivity of decomposition may be reauced du ure, snow depth and fire severity (carbon fraction combusted during

to post-fire changes in soil moisture or OC quality (Neff €t , fire event) from the Hess Creek study area collected from 2007—
al., 2005; O'Donnell et al., 2009b). Wildfire can increase 2009 . Sensitivity analyses were conducted (see Table 1 for scenario
soil moisture content via reduced rates of evapotranspiradetails) using the GIPL model to assess the impact of input variables
tion and interception (Moody and Martin, 2001), but can on ALD and soil temperatures. ALD and soil temperature data were
also decrease following fire (O’Neill et al., 2002). Simi- then used to drive soil C turnover in the Fire-C model.
larly, permafrost thaw has caused both wetting and drying of
terrestrial ecosystems, depending upon topographic position
and ground ice content (Jorgenson et al., 2001; Jorgenson
and Osterkamp, 2005). Increased snow depth can enhanée Methods
soil warming and permafrost thaw (Nowinski et al., 2010),
whereas decreases in snow-depth can promote rapid free2-1 Experimental design
ing during cooling periods (Goodrich, 1982; Stieglitz et al.,
2003). The relative sensitivity of soil thermal conditions to For this study, we combined field observations of temper-
these climatic drivers and disturbances will ultimately gov- ature and soil moisture, numerical modeling, and mass-
ern rates of decomposition, and in turn, will determine OC balance modeling to quantify the relative effects of individ-
storage across the boreal landscape. ual and combined climate/fire factors on net soil OC accu-
Here, we build on prior field and modeling studies (Harden mulation and loss (Fig. 1; Table 1). In this study, we modi-
et al.,, 2000; O’Donnell et al., 2011) to assess the relativefied the Fire-C model (Harden et al., 2000; O’'Donnell et al.,
sensitivity of soil OC storage to climate factors and fire dis- 2011) to improve simulations of ALD and OC dynamics in
turbance in a black spruce ecosystem of interior Alaska. Toorder to (1) account for deeper permafrost OC stocks, and
achieve this objective, we used a combination of field mea«(2) to incorporate in more detail the temperature and mois-
surements of soil temperature, moisture and snow dynamture controls on decomposition. In previous work, thermal
ics, numerical modeling of soil thermal dynamics, and mass-conductivity of the organic horizon was measured across a
balance modeling of soil OC dynamics. Using this approachrange of moisture contents (O’'Donnell et al., 2009a) and
we addressed the following questions. (1) What is the sensiALD was calculated as a function of organic horizon thick-
tivity of ALD and soil climate to air temperature, soil mois- ness across an upland fire chronosequence near Hess Creek,
ture, snow depth, and fire severity? (2) What is the sensi-AK (see O’Donnell et al., 2011). For this study, we used the
tivity of soil OC storage to air temperature, soil moisture, Geophysical Institute Permafrost Laboratory (GIPL) model
snow depth, and fire severity? (3) What are the relative ef{Romanovsky and Osterkamp, 1997; Nicolsky et al., 2007;
fects of ALD, soil climate, and ALD-soil climate interactions Marchenko et al., 2008) to assess the sensitivity of ALD and
on soil OC losses across climate and fire scenarios? By adsoil temperature to a wide range of climatic factors (air tem-
dressing these questions, we aim to quantify the importanc@erature, moisture, snow, and fire severity) both as separate
of individual climatic and disturbance factors governing soil and combined. We then used output from these sensitivity
OC dynamics in the boreal region. analyses to assess the effects of ALD and soil climate on
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Table 1. Climate and disturbance scenarios tested using GIPL and Fire-C models.

Climate/Disturbance Scenarios Description Source Data
Air Temperature
A2 Scenario “Business as usual” scenario following IPCC Fig. 2
(Christensen et al., 2007)
B1 Scenario Reduced greenhouse gas emission following IPCC Fig. 2

(Christensen et al., 2007)

Soil Moisture

Wetter 25 % increase in VWC of organic soil horizons relative Supplement Fig. S3
to present-day values
Drier 25 % decrease in VWC of organic soil horizons relative Supplement Fig. S3

to present-day values

Snow Dynamics

Deeper Snowpack 25 % increase in snow depth relative to present-day values Fig. 3
Shallower Snowpack 25 % decrease in snow depth relative to present-day values Fig. 3
Fire Severity
Lower Severity 25 % of organic horizon combusted during fire Harden et al. (2000)
Higher Severity 77 % of organic horizon combusted during fire Kane et al. (2007)

Multiple Factors
High Severityx Drying x Warming Interactive effects of high severity fires (77 %), warming (A2), and drying
Low Severityx Wetting x Warming Interactive effects of low severity fires (25 %), warming (A2), and wetting
Longer Snow-free Season Snowmelt 21 days earlier, snow return 20 days later than present day Fig. 3
(Euskirchen et al., 2009)

organic matter decomposition and soil OC accumulation us2.2.1 Active layer dynamics
ing a simple mass-balance, long-term model (O’Donnell et

al., 2011). In the modeling study by O’'Donnell et al. (2011), active layer
depth was calculated simply as a function of organic horizon
2.2 Modeling soil carbon dynamics thickness at time (in years) for the study area near Hess

Creek. To more precisely represent active layer dynamics in
The soil OC dynamics model used in this study was origi-the model, we reconstructed active layer depth vs. organic
nally developed by Harden et al. (2000) to track long-termhorizon thickness regression curves across a range of climate
trends in soil carbon inventories of shallow and deep organicconditions using the GIPL model (as discussed in Sect. 2.4
horizons across fire cycles. This model was subsequentlpelow). The equations derived from these relationships were

modified to include inputs from coarse woody debris (Ma- then used as a control on soil OC dynamics in the Fire-C
nies et al., 2005) and to include OC dynamics in mineral soilmodel across different climatic scenarios.

of the active layer and near-surface permafrost (O’'Donnell

et al., 2011). Briefly, the model uses a mass-balance ap2.2.2 Deep soil carbon

proach to examine net changes in soil OC storage over time

(dC/dt) as governed by OC inputs (net primary production In @ prior version of the model, we tracked soil C invento-
(NPP) from moss and trees) and losses (heterotrophic regies between the ground surface and a depth of one meter
piration and fire). OC inputs are prescribed as the averagéO’Donnell et al., 2011). Here, we have parameterized the
NPP over a fire cycle (or150yr). At present, the model Mmodel to track soil OC inventories in the top two meters. In
does not account for dissolved carbon losses. All model simMmost mature forests in Alaska, soil OC between one and two
ulations were run using Microsoft Excel (Microsoft Corpo- meters resides in the permafrost pool (Tarnocai et al., 2009).
ration, Redmond, WA, USA). Here we discuss further im- However, post-fire thawing of near-surface permafrost can
provements and modifications to the model, which includeresult in thaw depths exceeding one meter (e.g. Viereck et
GIPL-modeled active layer dynamics, and temperature and®l., 2008), which might impact deeper OC stocksane me-
moisture regulation of decomposition. ter).

www.biogeosciences.net/8/1367/2011/ Biogeosciences, 8, 1362-2011
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2.2.3 Temperature and moisture controls on 2.3 Field measurements of soil temperature, moisture
decomposition and snow depth

In a prior version of the model (O’'Donnell et al., 2011), Soil thermal and snow dynamics were monitored at sites
decomposition constant&)(were derived using chronose- along the Hess Creek fire chronosequence (N65.56700
quence and radiocarbon methodologies. In that studg;  \W148.92400, approximately 150 km north of Fairbanks) of
flected the apparent decomposability of soil organic matterO’Donnell et al. (2011). All study sites were located on
(see Davidson and Janssens, 2006), integrating the effects @brth-facing slopes underlain by permafrost and were some-
temperature, soil moisture and organic matter quality on dewhat poorly drained, and generally representative of black
composition during historic times. However, future climate spruce ecosystems in the discontinuous permafrost zone of
scenarios require thatrespond to fluctuations in soil tem- Alaska (e.g. Kane et al., 2005) and Canada (Harden et al.,
perature and moisture. 1997). The regional climate of interior Alaska is strongly
We used the following equation to calculate an inhekgnt  continental, with very cold winters and warm, relatively dry
which integrates the decomposability of a substrate based osummers. At the Hess Creek study region, the average daily

its molecular structure at ambient temperature: air temperature ranges from25°C in January to 15C in
kbase July. Annual precipitation averages 270 mm, 65 % of which
= e’T—f(ﬁ) 1) falls during the short summer growing season (early-May to

. . . . mid-September).
wherek is the inherent decomposition constaity;seis the P )

" e In mature black spruceP{cea mariana(Mill.) B.S.P.)
apparent decomposition constant as reported in O’'Donnell ef
) L stands, the forest understory was composed of small woody
al. (2011),r is a parameter describing the temperature sen-

sitivity of decomposition,T is the mean monthly soil tem- shrubs, such a¥accinium vitis-idaeaand Ledum groen-

perature for the month of August (as measured or calculateI ndicum Feather mossesleurozium schreberand Hy-
across the fire chronosequence), when maximum thaw dept}gcomlum splendens Sphagnum $. fuscu and reindeer

. ; . : ichens (Cladina stellaris and C. arbusculd dominated
occurs during the year, arifb) is a soil moisture scalar that :
ground cover in the mature black spruce stands. In the

rglate.s the. relative rate heterotrophic respiration to grawmet—recently burned black spruce stands (2003 Erickson Creek
ric soil moisture content. We used GIPL output to prescribe

T for each soil horizon, with soil depths of 5, 15, 45, and fire), vegetation was dominated by standing deadariana

200 cm representing shallow organic, deep organic, unfrozer‘%md living V. vitis-idaea V. uliginosum L. groenlandicum

. : . : .-and Equisetumspp. Burned organic soil surfaces were
mineral soil of the active layer, and perennially frozen soil uickly colonized bvCeratodon purpureusn the recentl
horizons, respectively. The functid(®) is a value between q y Y PuTP y

0 and 1, with optimal decomposition occurring whiés is burned stands. In the stands that burned in 186Mariana

around 0.6, and was calculated following the equations ofandB' neoalaskanavere the dominant tree speciasyvitis-
Frolking et al. (1996) for a feather moss-dominated blackldaeaaInd L. groenlandicumwere the dominant understory

spruce forest. To determine a value forwe used a tem- shrubs, and the feather mdsssplendenslominated ground

perature sensitivity quotient)yo) equation: cover. . . .
We measured soil temperature, soil moisture, and ALD
- In(Q10) ) and snow depth at three stand ages (Unburned Mature, 2003
10 Burn, 1967 Burn). These different stand ages provide a

We used a differen@ 1o value for each soil layer, as reported natural gradient in soil properties such as organic hori-
in the literature. For shallow organic horizons, we prescribedzon thickness, soil thermal dynamics, ALD, and soil OC
a Q19 of 1.9, as reported by Wickland and Neff (2007) for stocks (O’Donnell et al., 2011). From September 2007 to
fibric organic matter. For deep organic horizons (i.e. mesicSeptember 2009, we monitored soil temperature every two
or humic horizons), we prescribed@o value of 4.4, as re- hours using HOBO Pro V2 two-channel dataloggers (Onset
ported by Dioumaeva et al. (2003). For unfrozen mineral soilComputer Corporation, Pocasset, MA, USA). We also used
of the active layer, we prescribedzyg of 2.0, as reported in  HOBO Smart Temperature sensors to monitor temperature
other studies (Clein and Schimel, 1995; Frolking et al., 1996;at a single depth at each site. Temperature probes were in-
Carrasco et al., 2006). For near-surface permafrost, we lowstalled at the ground surface, at the top of the permafrost
ered theQjp value of unfrozen mineral soil to 30% of its (i.e. TTOP), near two meters below the ground surface, and
value, following the work of Dioumaeva et al. (2003) and also at the interface of key organic soil horizons. Soil mois-
Fan et al. (2008), to account for reduced microbial activity ture of organic soil horizons was also logged every two hours
at temperatures below freezing. We then used soil temperaat each stand age using E&Bi Smart Soil Moisture probes
ture output from the GIPL model (see Sect. 2.4 for details)routed to a HOBO microstation (Onset Computer Corpora-
to calculateT across all climate and fire sensitivity analy- tion, Pocasset, MA, USA). Soil moisture probes were in-
ses (Fig. 1).f(9) was only re-calculated for the two climate stalled within distinct organic soil horizons. In addition to
scenarios in which we prescribed wetter or drier conditions. temperature and soil moisture, we conducted snow surveys
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Table 2. Organic horizon thicknesses and active layer depths across upland fire chronosequence.

Site Live/Dead Fibric Mesic/Humic Organic Horizon  Active Layer
n Moss(cm) (cm) (cm) (cm) Depth (cm)

Unburned Mature 33 g 2 8+4 10+ 6 24+5 4548

2003 Burn 23 34 54+4 6+3 14+5 66+12

1990 Burn 10 43 4+5 2+3 9+4 77+£19

1967 Burn 11 42 443 6+2 15+4 54+7

Note: values represent meanone standard error.

over two winters. At each stand age, we measured snoveompare the relative sensitivity of ALD and soil temperature
depth every 6 m across a 30 m linear transect on 13 Novemto climate factors and fire disturbance, and in turn, explore
ber, 25 February, and 3 April 2007 and 2008 and we alsathe underlying mechanisms of soil OC loss in the boreal re-

measured snow depth on 2 April 2009. gion. Given this approach, our analyses were not intended
to provide an exact projection of future permafrost thaw. For
2.4 Modeling soil temperature dynamics a more precise estimation of ALD and soil temperature re-

sponses to future climate and fire, a transient simulation from
We used the GIPL model to simulate the depth of sea+the present day to 2100 (e.g. Lawrence et al., 2008) would be
sonal freezing and thawing by solving a one-dimensionalyjgre appropriate than the step-change method.
non-linear heat equation with phase change (Nicolsky et al., T assess the effect of atmospheric warming, we increased
2007). To calibrate the GIPL thermal model for the Hess mean daily air temperature (as measured at Hess Creek) to
Creek study sites, we combined field measurements of soinatch predicted air temperatures under the A2 (business as
temperature (Supplement Figs. S1 and S2), soil moisturgysyal) and B1 (reduced greenhouse gas emissions) warming
(Supplement Fig. S3), ALD, snow depth, field descriptions scenarios (Christensen et al., 2007). To assess the effects
of soil horizon thickness (O’'Donnell et al., 2011), and em- of fyture wetting or drying scenarios on active layer depth,
pirical calculations of thermal conductivity (O’'Donnell etal., \ye increased and decreased soil moisture content of organic
2009a). For each study site (Unburned Mature, 2003 Burnhorizons by 25 % relative to present-day measurements (Sup-
1967 Burn), the measured soil temperature data were usegiement Fig. S3), with concomitant changes in thermal con-
to calibrate the model, which in turn was used to reconstrucyyctivity following O’Donnell et al. (2009a). We also ran
the one-dimensional temperature field in the active layer angyyg alternate snow scenarios where daily snow depth was
near-surface permafrost. We used air temperature and snojcreased by 25 % and decreased by 25 % relative to present-
depth measurements from Hess Creek to drive model simgay measurements. To assess the sensitivity of ALD and soil
ulations of soil temperature. For soil parameterizations, Wetemperatures to fire severity, we first prescribed a moderate
divided the organic horizon into three layers: live/dead mossire severity (64 % of organic matter combusted) and high fire
fibrous organic matter, and amorphous organic matter (Taseverity (77 % of organic matter combusted, following Kane

ble 2), following the approach of Yi et al. (2009a). Mineral et al., 2007) relative to present-day fire severity (41 % of or-
soil horizons were divided into active layer soil, frozen loess, ganic matter combusted; Harden et al., 2006).

and frozen bedrock. We prescribed soil moisture content for \we also ran scenarios to test the combined effects of cli-

organic horizons based on mean volumetric water contenfate and fire severity. For instance, we ran two scenarios to
(VWC) measured during the summer of 2008 (Table 3; Sup+est the interactive effects of fire severity (high, low), mois-
plement Fig. S3). Unfrozen thermal conductivity values for tyre (wet, dry) and warming (A2 scenario; Table 1) relative
organic horizons were calculated from measured VWC val-tg the present day. We also ran a scenario to reflect changes
ues (O’Donnell et al., 2009a; Table 3). Frozen thermal con-in snow seasonality associated with future warming. Follow-
ductivity, volumetric heat capacity, and volumetric unfrozen ing estimates of temporal snow dynamics by Euskirchen et
water content parameters were prescribed following previoug. (2009), our simulations reflected snow conditions at the
studies (Romanovsky and Osterkamp, 1997, 2000). year 2100, with snowmelt occurring 21 days earlier in the
Following model calibration, we used the GIPL model to spring and snow return occurring 20 days later in the fall as
determine the sensitivity of ALD and soil temperatures to compared present-day conditions. The A2 warming scenario

changes in air temperature, snow dynamics, soil moistureyas also used as driving data for the changing snow season-
and fire severity (Fig. 1; Table 1). For all sensitivity anal- ality treatment.

yses, we introduced a step-change in climate or fire distur-
bance in order to evaluate effects at the year 2100 relative
to the present day. The step-change approach allowed us to

www.biogeosciences.net/8/1367/2011/ Biogeosciences, 8, 1362-2011
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Table 3. GIPL model parameterizations at three study sites across fire chronosequence at Hess Creek, AK.

Site Horizon thickness  Volumetric water conteft  Unfrozen thermal conductivify Frozen thermal conductivify
(cm) (%) wnrlk-1 wm1k-1
Unburned Mature
live/dead moss 5 20 0.07 0.15
fibric 11 25 0.15 0.20
mesic/humic 8 30 1.40 2.00
2003 Burn
fibric 8 49 0.26 0.75
mesic/humic 5 55 0.25 0.75
1967 Burn
live/dead moss 6 20 0.25 1.20
fibric 5 25 0.25 1.50
mesic/humic 9 68 0.40 1.40

Note: parameterizations for specific heat capacity and unfrozen water content for each horizon were taken from calibration conducted by Romanovsky and Osterkamp (2000).

@ Horizon thickness reflect average measurements for each horizon type as measured across the Hess Creek chronosequence (O’Donnell et al., 2010).

b WC values vary with one standard deviation of the summer mean VWC, as measured in this study (Supplement Fig. S3). VWC data calibrated following O'Donnell et al. (2009a).
¢ Unfrozen thermal conductivity values were calculated from the VWC measurements following the equations by O’Donnell et al. (2009b).

d Frozen thermal conductivity values were prescribed following Romanovsky and Osterkamp (2000).

2.5 Sensitivity of soil carbon to future climate and fire each scenario was calculated as the difference between to-
scenarios tal OC stocks (top two meters) at 6500 (i.e. present day) and
7000yr (i.e. after 3 fire cycles).
All model simulations using the Fire-C model were run to

To assess the sensitivity of soil OC to future climate and,qqegq the magnitude of both ALD and soil climate effects
fire scenarios, we coupled the GIPL model with the Fire-C 41 soil OC dynamics. To isolate the “ALD effect” on soil

model (Fig. 1). As described in Sect. 2.4, the GIPL model 5 e first ran the Fire-C model by only changing the re-
was used.to estimate ALD and.son climate (i.e. S_O'I te_mper'lationship between ALD and organic horizon thickness, as
ature profiles) under different air temperature, soil moisture g, jated by the GIPL model. To isolate the “soil climate ef-
snow depth, and fire severity scenarios (Table 1). The ALD¢oct on soil OC dynamics, we then ran the Fire-C model by
and soll climatg outpu_t from GIPL was then used to drivc_e SO”onIy changing the soil temperature (as simulated by GIPL)
OC dynamics in the Fire-C model (Fig. 1). We ran the Fire-C 5§ mojisture controls on decomposition rates. To assess the
model at annual time-step for a total of 7000 yr. For the f'rStcombined “ALD + soil climate” effect on soil OC dynamics,

6500yr, we ran the model spin-up to simulate historic cli- .« ran the Fire-C model a third time changing both ALD

mate conditions and fire regimes, following the same paramyy namics and soil climate controls on decomposition rates.
eterizations as O'Donnell et al. (2011). Model verification . a5ch effect (ALD, soil climate, ALD + soil climate), we

by O’Donnell et al. (2011) demonstrated good agreement.gicjated the net effect on soil OC accumulation or loss.
between present-day OC stocks and simulated OC stocks at

the end of the spin-up. At model year 6500, we modified

Fire-C parameters to reflect future climate conditions and fire3 Results

regimes (Table 1). More specifically, we used output from

GIPL scenarios to prescribe differences in ALD (Sect. 2.2.1)3.1 Thermal model calibration

and/or soil climate controls on decomposition (Sect. 2.2.3).

Using this coupled-model approach, we then tested the serField measurements of air temperature and snow depth
sitivity of soil OC to air temperature (A2 vs. B1 scenarios), were used to calibrate the GIPL model. Air temper-
soil moisture (wetter vs. drier), snow depth (deeper vs. shalature varied seasonally with maxima occurring during
lower), and fire severity (low severity, or 25 % vs. high sever- July (monthly meag=14.9°C) and minima during January

ity, or 77 %). We also tested the sensitivity of soil OC to (monthly meanr= —25.3°C). Snow depth varied across sur-
the combined climate and fire effects. Specifically, we evalu-vey dates but not among study sites across the fire chronose-
ated the effects of increased fire severity associated with driequence (Fig. 2a). Minimum snow depths were measured in
and warmer condition, decreased fire severity with wetter andNovember, ranging between 7 and 9 cm across study sites.
warmer conditions, and changes in snow seasonality assocMaximum snow depths were measured in April and varied
ated with future warming. The net change in OC storage forbetween years. In winter 2007—2008, maximum snow depths

Biogeosciences, 8, 1367382 2011 www.biogeosciences.net/8/1367/2011/
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Fig. 2. (a) Results from snow surveys conducted the winter of 2007-2008 and April 2009 at the Hess Creek stuly) diteear curve
fit between snow depth measured at Hess Creek and near Fairbanks (data from Bonanza Creek Long-Term Ecological Research Statior
www.lter.uaf.ediL

averaged between 41 and 48 cm, whereas in winter 20083.2 Modeling the sensitivity of active layer depth and
2009, maximum snow depths averaged between 60 and  soil climate to climate and fire

67 cm. We observed a marginally good, but non-significant

relationship between snow depths at Hess Creek and at Warmer air temperatures alone had a large impact on ALD
long-term monitoring site near Fairbanks, AK (Fig. 2b), de- (Fig. 4a; Table 4), with the A2 scenario increasing ALD by
scribed by the equation: = —4.0822+0.8502¢(R? = 0.78; an average of 3% 3 cm relative to present-day air tempera-

P =0.12). We used this relationship to calculate daily snow tures across a range of organic horizon thicknesses. The B1
depth at Hess Creek during model calibration. scenario resulted in considerably smaller increases in ALD,
We observed good agreement between measured ar@veraging %1cm across a range of organic horizon thick-
modeled soil temperatures (Fig. 3) and ALD (Supplementnesses. Changes in soil moisture had a moderate influence

Fig. S4) at sites across the Hess Creek fire chronosequencen ALD (Fig. 4b), with wetter conditions driving an average
At the ground surface, modeled mean daily temperaturéALD increase of 54+0.7cm and drier conditions driving
(MDT) closely tracked observed MDT during winter, sum- an average ALD decrease of0Z-1.2cm across a range of
mer and during seasonal transitions (e.g. snowmelt). Deepe?rganic horizon thicknesses. Snow depth had a very small
in the soil profile, we observed small differencesd(5°C) ~ impact on ALD, with average ALD increasing or decreasing
during winter and summer between modeled and observe®Y 2+ 0cm with deeper or shallow snowpack, respectively
ground temperatures (Fig. 3b—d). The differences were mostFig. 4c). High fire severity caused an average increase in
pronounced during periods of cooling in the fall/early win- ALD of 185 cm, whereas low fire severity caused an aver-
ter and warming during spring/early summer. The differ- age decrease in ALD of£1cm (Fig. 4d).

ences in ground temperature during periods of cooling have In addition to driving changes in ALD, individual climate
been attributed to the influence of unfrozen water conten@nd fire factors caused changes in soil temperature in the ac-
(Romanovsky and Osterkamp, 1997, 2000). During peri-tive layer and near-surface permafrost (Fig. 5). Warming as-
ods of warming in spring, ground temperatures were likely sociated with the A2 scenario increased soil temperature by
influenced by infiltration and re-freezing of snowmelt wa- 3.5-4.5°C for August MMT in active layer soils. The B1
ters. These processes typically result in the formation of ascenario resulted in higher soil temperatures by 0.7 t6@.0
“zero-degree curtain” at the ground surface, which we ob-relative to present-day climate conditions. Soil moisture also
served at our study sites during spring. Following the com-had a moderate influence on August MMT in the active layer,
pletion of snowmelt, thawing of the active layer began with @ wetter conditions resulted in an increase of 0.320.6
ground temperatures0°C. Modeled ALD was within 3cm  and drier conditions resulted in decrease of up td°G.%el-

of the observed ALD across the three study sites (Suppleative to present-day conditions. Deeper snowpack resulted
ment Fig. S4). in slight increases and shallower snowpack resulted in slight

decreases in August MMT relative to present-day conditions.
Increased fire severity (as prescribed through changes in or-
ganic horizon thickness) increased August MMT by 0.4 to
1.5°C, whereas decreased fire severity cooled August MMT
by up to 0.3C relative to present-day conditions.
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Fig. 3. Comparison of model soil temperature outputs (from GIPL2) and observed soil temperatures at different depths at the unburned
mature site near Hess Creek. Model was separately parameterized for 2003 Burn and 1967 Burn soil profiles.

When considered as combined effects, we found that highosses, ranging from 2.1-2.2 kg Cth When the model was
fire severity, drier soils and warmer air temperatures resultedaun for three fire cycles under the present-day climate (with
in the largest increase in ALD (mean56+6 cm; Fig. 6a;  no changes in snow, moisture or fire), we also observed an
Table 4) and August MMT (4.7-5%& increase in active OC loss of 2.1kg Cm?. Across individual climate scenar-
layer soils; Fig. 6b). The combined effects of low sever- ios, interannual changes in ALD (i.e. the ALD effect) ac-
ity fires, wetter soils and warmer air temperatures resulteccounted for 61 % of the total OC losses, whereas changes in
in more modest increases in ALD (mear87+4cm) and  soil temperature and/or moisture (i.e. the soil climate effect)
August (3.6-5.0C increase in active layer soils). Longer accounted for 82 % of total OC losses.
snow-free seasons associated with future warming also re- When multiple climate factors were considered as com-
sulted in large increases in ALD (mearB9+3cm) and Au-  bined effects, we generally observed larger OC losses

gust MMT (3.6-4.6'C increase in active layer soils). from soil relative to the individual factor analyses (Fig. 8).
The high fire severity scenario associated with drier soil
3.3 Modeling the sensitivity of soil carbon to climate and warmer air temperature resulted in a soil OC loss of
and fire 6.1kg Cn12. The low fire severity scenario associated with

wetter soil and warmer air temperature resulted in a soil OC
loss of 5.6 kg Cm?2. The scenario reflecting longer snow-
free season and warmer air temperatures resulted in a soll
DC loss of 5.4 kg Cm2. Across combined-effect scenarios,

Of the individual climate factors, the A2 warming scenario
(no change in fire severity) resulted in the largest OC losse

- 2_ . B - - _
from soil (5.3 kg C nT<; Fig. 7), whereas the drier soil mois the ALD effect accounted for 39 % of total OC losses, while

ture scenario n the Sma"e.St Iosseg (0.06 kg After . the soil climate effect accounted for 79 % of total OC losses.
the A2 scenario, the high fire severity treatment resulted in

the next largest OC losses (3.3kg Cfi. Changes in snow
depth and increases in soil moisture resulted in minimal OC
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Fig. 4. Sensitivity of the active layer depth (ALD) to temperature, soil moisture, snow dynamics and fire severity. The relationship between
ALD and organic horizon thickness was modeled using GIPL across a range of future air tempegatlP€3C( scenarios), moisture
conditions(b), snow(c), and fire severityd). Output data from each scenario were then fit with the exponential equation:=ALD

et OHT 'where OHT is organic horizon thickness, and are summarized in Table 4. Equations were then used to run Fire-C model to
evaluate sensitivity of soil carbon to various climate scenarios.

4 Discussion et al., 2008), where decomposition rates were higher (Mikan
et al., 2002). Above 0C, decomposition rates are typically

4.1 Effects of air temperature on active layer depth, described by an exponential relationship with temperature

soil climate and soil carbon (Lloyd and Taylor, 1994; Kirschbaum, 2000), whereas de-

composition rates below @ are indirectly related to tem-
Terrestrial ecosystems have the potential to act as a posRerature, constrained by the availability of unfrozen water
tive feedback to the climate system in response to warmefRivkina et al., 2000; Romanovsky and Osterkamp, 2000).
air temperatures (e.g. Friedlingstein et al., 2006), given theExplicit consideration of freeze-thaw fronts (e.g. Yi et al.,
temperature sensitivity of heterotrophic respiration and sub2009b) and phase change effects on soil OC dynamics in
sequent CQ release from soils. In this study, we illus- €cosystem models will help in reducing these uncertainties.
trate the importance of higher air temperatures for OC losg-urthermore, increased heterotrophic respiration associated
from boreal soil. When compared to other individual factors With warming will likely be accompanied by increased ni-
(soil moisture, snow depth, fire severity), higher air temper-trogen availability and plant production (Mack et al., 2004),
atures caused the largest OC losses from soil in an uplandlthough the net C balance is likely to favor an increase of
black spruce ecosystem_ Through our mode”ng ana|yse5, WgOz relative to pl’e-disturbance conditions (Bond-Lambel’ty
were able to isolate two potential mechanisms underlying Ocet al., 2007).
losses. First, higher air temperatures resulted in warmer soil The temperature sensitivity of organic matter decomposi-
temperatures, which stimulated microbial decomposition oftion and soil respiration remains a critical uncertainty in pre-
soil organic matter followingD1¢ value for each soil hori-  dicting soil OC release to the atmosphere under future warm-
zon. Second, higher air temperatures, and in particular théng scenarios (Davidson and Janssens, 2006; Kirschbaum,
A2 warming scenario, resulted in large increases in active2006; Heimann and Reichstein, 2008). In the present
layer depth (ALD), which transferred considerable amountsmodeling study, we prescribed horizon-specifigo values
of OC from the permafrost to a thawed C pool (e.g. Schuurfor decomposition in four soil layers based on previously
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Table 4. Parameters and statistics for exponential equatjfos: ge—2*) relating active layer depth (ALD) and organic horizon thickness
across climate and fire scenarios.

ALD x Organic Horizon Thickness

Climate/Disturbance Scenario a b R? P
Present-Day Climate
2007-2009 116.9490 0.0282 0.93<0.0001
Air Temperature
A2 Scenario 163.6927 0.0234 0.85 0.0010
B1 Scenario 127.0604 0.026 0.89 0.0004
Soil Moisture
Wetter 118.3910 0.0245 0.92 0.0002
Drier 113.9505 0.0332 0.93 0.0001
Snow Dynamics
Deeper Snowpack 116.6501 0.0275 0.90 0.0003
Shallower Snowpack 114.8101 0.0287 0.92 0.0002
Fire Severity
Lower Severity (25 %) 116.1617 0.0294 0.9 0.0003
Higher Severity (75 %) 103.884 0.0121 0.42 0.0833

Climate-disturbance Interactions
High Severityx Warmingx Drier ~ 145.9954 0.0113 0.36 0.1160
Low Severityx Warming x Wetter 167.3116 0.0216 0.84 0.0014
Snow Seasonality 165.4936 0.0233 0.86 0.0010

published incubation studies from the boreal region (Clein
and Schimel, 1995; Dioumaeva et al., 2003; Wickland and

Soil temperature (°C) Neff, 2007). Our approach allowed us to differentiate tem-
2 0 2 4 6 8 10 12 perature sensitivities across'varying substratg types and ages
o . . . . . . ‘ (O’Donnell et al., 2011), which can strongly influen@ag
55 : values (Conant et al., 2008; Craine et al., 2010). The
values used for this study are generally higher than those re-
40 1 ported in several recent studies (Bond-Lamberty et al., 2010;
T 601 —e— Present.Day Climate Mahecha et al., 2010). However, those studies calculated
) —e— A2 Scenario 010 values based on the relationship between soil respira-
'§_ 80 1 \',3\,163:?“3”" tion and air temperature, as opposed to the relationship be-
8 100 —a— Drier tween decomposition rates and soil temperature. The differ-
120 —-— gﬁe,’;e's“gw”“k ) ent approaches used to estimé@lgy values (e.g. empirical
e FlreSeverty vs. model-based, field vs. laboratory) have yielded varying
140 - —v— High Fire Severity results, fueling the ongoing debate regarding the tempera-
160 ture sensitivity of soil respiration (e.g. Kirschbaum, 2006).

To reduce uncertainties regarding soil OC loss in response to
Fig. 5. Sensitivity of mean monthly temperature (MMT) in Au- future warming, more work is needed to_ resolve the_se diffe_r-
gust to a suite of climatic and fire scenarios as modeled from GIPL.ENCES and to further e.x.pllore the _underlylng mechanisms driv-
The depth of temperature data reflect positioning in shallow organidng temperature sensitivity (Davidson and Janssens, 2006).
horizons &10cm), deep organic horizons (15 cm), unfrozen min-

eral soil in the active layer (40 cm), and permafrqst (1.5m). August4_2 Effects of fire severity versus warming

MMT were used at each depth were used to drive the temperature

sensitivity of organic matter decomposition (Egs. 1 and 2) in the

Fire-C model across this suite of climate and disturbance scenariodn a prior study, O’'Donnell et al. (2011) illustrated the impor-
tance of fire severity on soil OC loss from deep soil horizons

using the Fire-C model. Here, we show that the direct effects
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Fig. 6. Sensitivity of ALD (a) and mean monthly soil temperature in Aug(s} to multiple interacting factors. Using the GIPL model,

we tested the effects of low fire severity, wetter soil conditions and warmer air temperatures (A2 scenario), high fire severity, drier soil
conditions and warmer air temperatures, and changes in snow seasonality (following Euskirchen et al., 2009) associated with future warming
(A2 scenario).

of increased fire severity on soil OC storage, while substan-eral soil were reincorporated into the near-surface permafrost
tial, are generally smaller than the direct effects of warmer airpool, where decomposition is essentially arrested. Together,
temperatures. In reality, greater fire severity always resultsooler temperatures and drier conditions reduced decompo-
in warmer soils because of the insulating effect of organicsition rates, resulting in smaller OC losses relative to other
layers on soil temperatures and active layer depth. For exscenarios. Under higher moisture conditions, we generally
ample, using the GIPL model, we showed that high severityobserved the opposite effect, with increased ALD, soil tem-
fires result in increased ALD and soil temperatures following peratures and decomposition.
deep combustion of organic soil horizons (Fig. 4d), which Interactions between fire and soil drainage class will likely
enhanced OC losses from soil. These findings are consisgovern the extent of permafrost thaw and magnitude of soil
tent with other sensitivity analyses conducted in other blackOC losses following fire in the boreal region (Harden et al.,
spruce ecosystems in the boreal region. In a recent analysi2001; Kane et al., 2007; Yi et al., 2009a). Surprisingly,
Yi et al. (2011) illustrate that this post-fire soil warming and we observed a similar magnitude of OC loss from both the
increases in ALD enhance soil decomposition and N miner-high severity-dry treatment and the low-severity-wet treat-
alization in early succesional stands. Zhuang et al. (2002ment. This finding is likely due to a shift in the dominant
illustrated that soil OC stocks in black spruce ecosystemsnechanism driving soil temperature and OC dynamics be-
are highly sensitive to fire severity, with large OC lossestween treatments. For instance, under the low severity-wet
associated with high severity burns. Findings from Turet-treatment, soil OC dynamics appear to be more sensitive to
sky et al. (2011) indicate that increased fire severity in re-increased soil moisture and heat transfer than to the large re-
cent decades has accelerated regional C losses from Alaskatuction in organic horizon thickness than the decrease in soil
black spruce forests to the atmosphere. Therefore, as futumnoisture. In contrast, under the high severity-dry treatment,
warming will likely increase the size and severity of wild- soil OC dynamics appear to be more sensitive to the large re-
fires in the boreal region (Balshi et al., 2009; Flannigan etduction in organic horizon thickness than to the decrease in
al., 2009), increases in OC loss from boreal soils will result. soil moisture. Prior studies have documented the importance
Our sensitivity analyses also showed that soil OC stocksf organic horizon thickness and moisture on soil tempera-
were also sensitive to changes in soil moisture. Under drietures at the ground surface (Harden et al., 2006) and in near-
soil conditions (in the absence of fire), we observed relativelysurface permafrost (Jorgenson et al., 2010). The response of
low OC losses from soil, a response driven by both physi-OC and permafrost dynamics in black spruce ecosystems to
cal and biological factors. Decreased soil moisture reduceduture climate and fire regimes will likely depend on these
the thermal conductivity of organic soil horizons, which is a feedbacks among organic horizon thickness, soil drainage,
dominant control on ALD in black spruce ecosystems (Bo-and soil temperature and permafrost dynamics (Johnstone et
nan, 1989; Yi et al., 2009b; Jorgenson et al., 2010). Byal., 2010).
reducing ALD, a larger proportion of OC stocks in min-
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Fig. 7. The effect of single climate factors (air temperature, soil Fig. 8. The effects of combined climate/fire factors on soil C stor-
moisture, and snow depth) or fire severity on soil C storage. Soil C29€- The three scenarios reflect reduced fire severity associated with
loss or gain was calculated as the difference in total soil C stockvarmer and wetter soil conditions, higher fire severity associated

in top 2m of soil between model years 6500 and 7000 yr (or ap_with warmer and drier conditions, and longer snow-free season as-
proximately 3 fire cycles after step-change in climateffire). To cal- sociated with warmer air temperatures. The ALD and soil climate

culate the active layer depth (ALD) effect, we used only modified parameterizations were derived from GIPL output as illustrated in
the relationship between ALD and organic horizon thickness (fromFig- 6. The dashed line represents total OC losses (ALD + soil
Table 4) for each scenario in the Fire-C model. To calculate theclimate) when present-day climate conditions (with no changes in

soil climate effect, we modified decomposition constants within the SNOW, moisture or fire) were run for 3 fire cycles.
Fire-C model to reflect future changes in soil temperature (Fig. 5)
and/or soil moisture (Table 1). To calculate the ALD + soil climate
effect, we modified both the ALD-OHT relationship and the de- depths and seasonal dynamics across sites (Fig. 2a). These
composition constants within the Fire-C model. The dashed lineobservations indicate that the magnitude of insulation is af-
represents total OC losses (ALD + soil climate) when present-dayfected by the thermal properties of not only the snow, but also
climate conditions (with no changes in snow, moisture or fire) werethe underlying soil layers (Lachenbruch, 1959). This phe-
run for 3 fire cycles. nomenon is characterized by the paramgt¢Basonova and
Romanovsky, 2003), which quantifies the difference in ther-
) ) mal properties (heat capacity, thermal conductivity) between
4.3  Effects of snow dynamics on active layer depth, snow and the underlying soil layer. Highervalues reflect
soil climate and soil carbon increased insulation, and as a result, the thermal effect of
) ) _snow should be more pronounced in recently burned stands
Increased duration of the snow-free season associated Withyith thin organic horizons) than in mature stands (with thick
future warming had a profound impact on ALD, soil cli- oranic horizons). These observations highlight the over-
mate and soil OC dynamics, although changes in snow deptfging importance of organic horizon thickness (Fig. 4), and

alone had minimal effects. The longer snow-free season reg, s stand age and fire severity, as important controls on soil
sulted in greater warming of soil, thawing of the near-surfaceinarmal dynamics during winter and summer.

permafrost, and soil OC losses relative to present-day con-
ditions. However, our model simulations did not consider 4.4 Comparing the effects of active |aye|’ depth and soil
feedbacks associated with changes to snow seasonality, such  climate on soil carbon loss
as mid-summer drought (Welp et al., 2007) and increases in
wildfire frequency (Kasischke and Turetsky, 2006). To more The combined effect of ALD and soil climate on soil OC was
accurately assess the net effect of snow on soil OC dynamgenerally less than the sum of each individual effect (ALD
ics in the boreal region, models are needed that consider theffect + soil climate effect; Figs. 7 and 8), suggesting that
combined effects of snow, disturbance and hydrology (e.g. Yithese factors are not distinct but have overlapping properties.
etal., 2011). While many studies in the boreal region have documented the
Variation in snow dynamics across boreal succesional sesoil climate effect on decomposition (Dioumaeva et al., 2003;
quences has received little attention in the literature (see Euwickland and Neff, 2007; O’'Donnell et al., 2009b; Karhu et
skirchen et al., 2009). Field measurements in this study shoval., 2010), the nature and importance of the ALD effectis less
that winter soil temperatures were consistently warmer aftclear. We suggest that the ALD effect integrates three factors
the 2003 Burn relative to the Unburned Mature stand andthat govern soil OC cycling in the northern permafrost re-
the 1967 Burn (Supplement Fig. S1), despite similar snowgion. First, the ALD effect reflects the distribution of OC
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into unfrozen and frozen soil, which in turn, determines the Supplementary material related to this

size of the OC pool (C) and contributes to the decompositionarticle is available online at:

rate (—kC; O’'Donnell et al., 2011). Second, the ALD ef- http://www.biogeosciences.net/8/1367/2011/

fect incorporates the impact of soil phase (i.e. frozen vs. unbg-8-1367-2011-supplement.pdf

frozen) on the temperature sensitivity of decomposition rates

(see Rivkina et al., 2000; Mikan et al., 2002). Third, the ALD

effect also reflects differences in the inherent decomposabilAcknowledgementszunding and support for J. O’Donnell was
ity of organic matter substrates in unfrozéRctvelayer) and provided by the National Science Foundation grant EAR-0630249
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5 Conclusions

Recent field studies and modeling efforts have helped shap
our understanding of soil OC dynamics in relation to wild-

fire and permafrost dynamics in the boreal region (Carrascqsalshi M. S., McGuire, A. D., Duffy, P., Flannigan, M., Walsh, J

(I?Qeferences

et al., 2006; Harden et al., 2006; Fan et al., 2008; Yi et al.,
2009a, 2011; O’Donnell et al., 2011). Other studies have
coupled thermal and biogeochemical models to investigate
soil OC dynamics in northern ecosystems (Zhuang et al.,

and Melillo, J.: Assessing the response of area burned to chang-
ing climate in western boreal North America using a Multivariate
Adaptive Regression Splines (MARS) approach, Glob. Change
Biol., 15, 578-600, 2009.

2001, 2002; Khvorostyanov et al., 2008; Yi et al., 2009b). Bonan, G. B.: A computer model of the solar radiation, soil mois-

However, our approach here is unique in that it incorpo-
rates field and laboratory parameterizations (O’'Donnell et

ture, and soil thermal regimes in boreal forests, Ecol. Model., 45,
275-306, 1989.

al., 2009a, 2011) into a modeling framework in which we Bond-Lamberty, B., Peckham, S. D., Ahl, D. E., and Gower, S.

explicitly evaluate fire-permafrost interactive effects on soil
OC across a range of future climate conditions. Our findings
illustrate that atmospheric warming and increased fire sever:
ity will likely drive larger OC losses from boreal soils than
from changes in snow depth or soil moisture. Moreover, our

T.: Fire as the dominant driver of central Canadian boreal forest
carbon balance, Nature, 450, 89—-@®,:10.1038/nature06272
2007.

Bond-Lamberty, B. and Thomson, A.: Temperature-associated in-

creases in the global soil respiration record, Nature, 464, 579—
582,d0i:10.1038/nature0893@010.

findings explore the complex interactions among climate andgurn, C. R.: The response (1958-1997) of permafrost and near-
disturbance factors, and in turn, draw attention to how these surface ground temperatures to forest fire, Takhini River valley,
interactions function to increase soil OC loss. For instance, southern Yukon Territory, Can. J. Earth Sci., 35, 184-199, 1998.
future increases in fire severity associated with a warmer an€arrasco, J. J., Neff, J. C., and Harden, J. W.: Modeling phys-
drier climate resulted in large OC losses through the deep ical and biogeochemical controls over carbon accumulation in
combustion of organic soil horizons and subsequent warm- @ boreal forest soil, J. Geophys. Res-Biogeo., 111, G02004,

ing and thawing of permafrost soils. Future decreases in fire
severity associated with a warmer and wetter climate also re-
sulted in similar OC losses, both by alleviating the moisture

limitation of decomposition and by increasing heat conduc-

tion through wet organic soils. In each case, OC loss was
governed by interannual changes in active layer depth, which
determines the OC pool size in frozen and unfrozen mineral
soil, and by the response of soil microbes to changing soil
climate. Together, these findings highlight the need for mod-
eling frameworks that consider the combined effects of fire,
soil hydrology, permafrost and snow dynamics (e.g. Yiet al.,
2011).
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Supplemental Materials

Field measurements of soil temperature and soil moisture

For the Unburned Mature stand, temperature prolees installed at depths of two, five,
16, 24, 51, and 200 cm. For the 2003 Burn, tentpexgrobes were installed at depths of 3, 8,
13, 81, and 205 cm. For the 1967 stand, temperahabes were installed at depths of three, six,

11, 20, and 74 cm.

At the Unburned Mature stand, soil moisture was itooed in the live/dead moss
horizon (3 cm), fibric horizon (7 cm), and mesiatftia horizon (22 cm). At the 2003 Burn, soil
moisture was monitored in the fibric horizon (6 ¢amd mesic/humic horizon (10 cm), and
mineral A horizon (18 cm). At the 1967 Burn, soibisture was only monitored in the
mesic/humic horizon (16 cm). Soil moisture provese calibrated following the methods of

O’Donnell et al. (2009a).
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Soil thermal dynamics, soil moisture dynamics, and snow depth across fire-thaw chronosequence

Soil temperature patterns varied seasonally actosly sites along the fire
chronosequence (Supplemental Figure 1a-c). Fanpbea mean winter (December, January,
February) temperatures at the ground surface wirgtantially colder in the Unburned Mature
stand (2008 = -9.04 °C; 2009 = -7.74 °C) than @2603 Burn (2008 = -2.35 °C; 2009 = -2.18
°C; Figure 2). Mean monthly temperature (MMT)la ground surface in August, when thaw
depth reaches an annual maximum, was similar asitess averaging 6.99, 8.23 and 6.18 °C at
the Unburned Mature, 1967 Burn, and 2003 Burn,getbgely. However, MMT in August at
depth was cooler in the Unburned Mature stand inéme 2003 Burn and 1967 Burn

(Supplemental Figure 2).

In general, the 2003 Burn was considerably wektan the Unburned Mature stand
throughout the organic horizon. At the 2003 BWWC during summer averaged 61.7 + 13.2
%, 55.5 +13.7 %, and 29.7 £ 10.2 % in the fibmesic/humic, and A horizons, respectively,
whereas at the Unburned Mature stand, volumetrtemantent (VWC) during summer (May —
August) averaged 784.7 %, 17.2 £ 7.0 %, and 30.1 + 13.4 % in the/tead moss, fibric, and
mesic/humic horizons, respectively (Supplementglifé 3). Using these VWC values, we then
calculated average thermal conductivity valuesstarh organic soil horizon (Table 2). The
higher VWC values in the 2003 Burn resulted in edesbly higher thermal conductivity values
(0.353 — 0.364 W fhK™) than in the Unburned Mature stand (0.070 — 0\Arh™ K™). Using
the GIPL model, we observed good agreement betweasured and modeled ALD

(Supplemental Figure 4) at sites across the HesskGire chronosequence.
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Supplemental Figure L egends

Supplemental Figurel. Seasonal and interannual variation in soil terapee (°C) at

Unburned Mature stand, 2003 Burn, and 1967 Burn.

Supplemental Figure 2. Mean monthly temperature profile for August 2068lid lines) and

2009 (dashed lines) at three study sites acrog&réhehronosequence.

Supplemental Figure 3. Mean daily volumetric water content from Septen2@d7 to

September 2009 at three stand ages across fireagequence at Hess Creek.

Supplemental Figure4. Comparison of modeled ALD (from GIPL model) astiserved ALD

measured in late-August 2008.
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