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Abstract With increased warming in the Arctic,

permafrost thaw may induce localized physical

disturbance of slopes. These disturbances, referred

to as active layer detachments (ALDs), redistribute

soil across the landscape, potentially releasing pre-

viously unavailable carbon (C). In 2007–2008,

widespread ALD activity was reported at the Cape

Bounty Arctic Watershed Observatory in Nunavut,

Canada. Our study investigated organic matter (OM)

composition in soil profiles from ALD-impacted and

undisturbed areas. Solid-state 13C nuclear magnetic

resonance (NMR) and solvent-extractable biomarkers

were used to characterize soil OM. Throughout the

disturbed upslope profile, where surface soils and

vegetation had been removed, NMR revealed low

O-alkyl C content and biomarker analysis revealed

low concentrations of solvent-extractable compounds

suggesting enhanced erosion of labile-rich OM by the

ALD. In the disturbed downslope region, vegetation

remained intact but displaced material from upslope

produced lateral compression ridges at the surface.

High O-alkyl content in the surface horizon was

consistent with enrichment of carbohydrates and

peptides, but low concentrations of labile biomarkers

(i.e., sugars) suggested the presence of relatively

unaltered labile-rich OM. Decreased O-alkyl content

and biomarker concentrations below the surface

contrasted with the undisturbed profile and may

indicate the loss of well-established pre-ALD surface

drainage with compression ridge formation. How-

ever, pre-ALD profile composition remains unknown

and the observed decreases may result from nominal

pre-ALD OM inputs. These results are the first to

establish OM composition in ALD-impacted soil

profiles, suggesting reallocation of permafrost-

derived soil C to areas where degradation or erosion

may contribute to increased C losses from disturbed

Arctic soils.
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Introduction

Soils in permafrost regions, such as those in the

Canadian high Arctic, are estimated to contain nearly

half of the global reservoirs of carbon (C) stored

belowground (Schuur et al. 2009; Tarnocai et al.

2009). Recent warming in high latitudes has threat-

ened the stability of C in northern permafrost regions

with a changing climate (Vonk and Gustafsson 2013).

Consequently, current projections have proposed a

positive climate feedback of C release from terrestrial

Arctic ecosystems to the atmosphere resulting from

increased thaw and subsequent microbial respiration

of C in high latitude permafrost soils (Davidson and

Janssens 2006; Zimov et al. 2006a; Schuur et al. 2009;

Schaefer et al. 2011; Koven et al. 2011; MacDougall

et al. 2012). Short growing seasons in the Arctic can

limit ecosystem primary production and low soil

temperatures typically restrict biogeochemical

cycling. Accumulation of organic matter (OM) in

Arctic soils may be enhanced over successive cycles

through preservation of detritus within the perennially

frozen ground (Hobbie et al. 2002; Mikan et al. 2002;

Sjögersten et al. 2003). In addition, cryoturbation in

permafrost can bury accumulated C belowground

(Bockheim and Tarnocai 1998). Over time, permafrost

soils can accumulate relatively large amounts of OM,

which may become more vulnerable to decomposition

upon thawing (Nowinski et al. 2008; Hartley et al.

2010). Recent studies have shown that the OM

composition of deeper Arctic soils may contain a

substantial labile component via long-term preserva-

tion in permafrost (Waldrop et al. 2010; Vonk and

Gustafsson 2013; Ewing et al. 2015a, b). With

increased vulnerability of aged labile C stocks to

degradation, the release of permafrost-derived OM

may increase CO2 flux to the atmosphere via microbial

respiration (Drake et al. 2015; Ewing et al. 2015a;

Mann et al. 2015). Enhanced warming conditions may

therefore increase availability of this previously

inaccessible C from receding permafrost and further

intensify the ecosystem response to climate change

(MacDougall et al. 2012; Natali et al. 2014).

Accelerated OM degradation in a warmer climate

may also be stimulated by localized physical disrup-

tions within Arctic soils (Pautler et al. 2010a, b;

Woods et al. 2011; Lamoureux and Lafrenière 2014;

Louiseize et al. 2014; Grewer et al. 2015). Persistent

above freezing temperatures during the spring and

summer months typically thaw the upper 40-100 cm

of the soil in continuous permafrost regions and

generate an active layer where the biogeochemical

cycling of C occurs (Davis 2001). Under enhanced

warming conditions, thawing may increase active

layer thickness beyond the typical frost table depth.

On sloped terrain, saturation of soil overburden during

snow melt and rainfall events can decrease overall

shear strength and destabilize the thickening active

layer (Lewis et al. 2005; Lamoureux and Lafrenière

2009). This instability can initiate events referred to as

active layer detachments (ALDs), which can transfer

surface material hundreds of meters downslope across

the frozen base layer (Lewis et al. 2005; Lewkowicz

and Harris 2005a; Lewkowicz 2007). Though data is

limited, the frequency of large scale detachments has

been reported to have increased in recent years across

the high Arctic and may indicate an increasingly

unstable landscape resulting from a warming climate

and permafrost degradation (Lewkowicz and Harris

2005b; Jorgenson et al. 2006; Bowden et al. 2008;

Lantz and Kokelj 2008; Lamoureux and Lafrenière

2009). The upslope region of an ALD-impacted area

may be stripped of the soil active layer and vegetation,

leaving behind a barren scar zone comprised of the

underlying mineral soil formerly at or below the

permafrost transition layer. This deeper soil layer

uncovered upslope potentially contains older, labile-

rich OM, which had accumulated prior to ALD

activity. Exposure of previously buried labile OM

may stimulate microbial activity and further enhance

degradation of stored soil C (Pautler et al. 2010a).

Moreover, the redistribution of soil OM shifted

downslope may promote enhanced erosion and degra-

dation during transport, further contributing to poten-

tial C losses from ALDs. The surge of labile OM may

also encourage priming of the soil which results from

an increase in microbial activity from the added labile

inputs, facilitating enhanced decomposition of native

soil OM and ultimately contributing to increased CO2

flux in Arctic ecosystems (Kuzyakov 2002; Fontaine

et al. 2004; Hartley et al. 2010).

To investigate the impact of ALDs to High Arctic

soils, Pautler et al. (2010a) examined surface soils

from both disturbed and undisturbed areas with results

generally indicating increased labile C in soils recently

disturbed by ALDs. However, the subsurface soils and

soils exposed within the upslope scar zone of the
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disturbances remain unstudied. The current study

compares and contrasts soil OM composition from

depth profiles in ALD-impacted areas with those from

an undisturbed site. One undisturbed soil profile and

two separate profiles where widespread ALD activity

was reported in 2007 and 2008 from the Cape Bounty

Arctic Watershed Observatory (CBAWO), Nunavut,

Canada (74�500N, 109�300W) were collected (Fig. 1).

One of the disturbed profiles was located near the

centre of the scar zone while the second profile was

sampled downslope within the lateral compression

ridges which commonly occur in the material accu-

mulation region of elongated forms of ALDs (Lamour-

eux and Lafrenière 2009). We hypothesized that the

removal of the overlying soils by ALDs would expose

and redistribute previously buried permafrost resulting

in molecular-level compositional differences between

the disturbed upslope and downslope areas as well as

the undisturbed region. Additionally, with increased

labile C reported in fluvial sediment downstream of the

disturbance (Grewer et al. 2015), we examined the soil

profiles for evidence of enrichment in labile C

potentially resulting from long-term preservation

below ground. Gas chromatography-mass spectrome-

try (GC–MS) was used to characterize solvent

extractable compounds isolated from the soils (Otto

and Simpson 2005). Solid-state cross polarization

magic angle spinning (CPMAS) 13C nuclear magnetic

resonance (NMR) spectroscopy was also performed to

obtain general structural information with respect to

overall soil OM composition (Kögel-Knabner 1997;

Simpson et al. 2008). This study thus reports changes

to OM composition in Arctic soil after the redistribu-

tion of material via ALDs which may subsequently

impact biogeochemical cycling in the High Arctic.

Materials and methods

Study location

The landscape at the CBAWO is largely composed of

a thin layer of unconsolidated glacial sediment and

Holocene marine deposits overlying bedrock primar-

ily composed of Hecla Bay Formation sandstones and

siltstones (Hodgson et al. 1984). Soils are character-

ized by shallow organic horizons (\10 cm) with low

organic carbon (OC) content (1–3 %) and developed

from largely unaltered parent material (Lamoureux

et al. 2014). Permafrost in the region is continuous

with active layer thickness typically varying between

50 and 100 cm (Lamoureux et al. 2009; Lewis et al.

2012). Surface topography is characterized by gently

sloping terrain with shallow channelized drainage.

Intermittent gullies create depressions in the land-

scape, which preferentially accumulate wind-blown

snow and exhibit diffuse flow drainage patterns

(Lamoureux and Lafrenière 2009). Sparse polar desert

tundra vegetation is dominated by mosses and pros-

trate dwarf shrub graminoids (Walker et al. 2005). The

Ptarmigan region of the CBAWO West River catch-

ment, which underwent slope failure due to ALD

activity in 2007/2008, exhibits concave depressions

downslope, which are vulnerable to snowpack accu-

mulation and subsequent seasonal runoff enhance-

ment. In addition, the pre-ALD landscape of

Ptarmigan demonstrated well-established channeliza-

tion supporting efficient drainage while post-distur-

bance conditions supported enhanced channel incision

(Lamoureux et al. 2014).

The disturbance at Ptarmigan demonstrated an elon-

gated form of ALD morphology (Lewkowicz and Harris

2005a) and covered approximately 10.8 % of the total

area of the subcatchment spanning 350 m along the pre-

existing channel (Lamoureux et al. 2014). Downslope

movement of material left behind a scar zone in the

upslope region, exposing occasional ground ice and clay

slurries, which were ejected downslope during the year of

the disturbance. The landscape was moderately fractured

but much of the displaced vegetated surface soil remained

intact (Lamoureux and Lafrenière 2009). Additionally,

downslope movement inhibited by slope topography led

to the formation of lateral compression ridges at the

surface of soils within the slump region potentially

constraining any enhanced erosion. Sustained sediment

export attributed to erosion of ALD-impacted soils in the

Ptarmigan region was reported in the channel for 5 years

following the disturbance (Lamoureux et al. 2014).

Soil from the CBAWO was sampled in late July of

2012 at three locations (Fig. 1) selected to examine

differences between undisturbed soil, the upslope scar

zone and the downslope soil within the disturbed

Ptarmigan region. The landscape in the Upper Goose

region (UG) shared similar size, hydrology, geology,

slope, soil, and vegetation cover as the Ptarmigan

region while showing no sign of prior disturbance at

the time of sampling. However, variation in OM

composition potentially exists between upslope and
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Fig. 1 Map of the West

River catchment, Cape

Bounty Arctic Watershed

Observatory with soil profile

sample locations. Relative

elevation is represented by

10 m contour intervals
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downslope soils within the undisturbed UG region and

limits direct comparisons with the disturbed soils.

Hence, within the scope of our current investigation

and experimental framework, the undisturbed UG

profile was considered as a relative reference point for

comparisons to disturbed sites. The Upper Ptarmigan

site (UPt) was situated upslope within the ALD scar

zone where most of the active layer and vegetation was

stripped away by the 2007–2008 ALD activity. At the

time of sampling, recolonization by vegetation was not

observed and the site remained bare (Fig. S1-A). At

the Lower Ptarmigan site (LPt), sampled downslope

within the ALD slump zone, much of the vegetation

and soil was left intact. However, moderate surface

disturbance caused by the sliding active layer soils

from upslope produced lateral compression ridges at

the surface of the LPt area (Fig. S1-B).

At each site, unfrozen soil samples for each profile

were collected incrementally from the partially thawed

active layer. Samples were collected at six depths: 0, 5,

15, 30, 40 cm, and maximum depths which were 65,

70, or 90 for UG, UPt, and LPt respectively. The

variation in depth of the lower portions of each profile

was due to differences in the depth of the frost table at

each site. After sampling, soil samples were frozen and

stored at -20 �C, then freeze-dried and ground with a

clean mortar and pestle prior to analyses.

Organic carbon (OC) and nitrogen (N) content

Determination of OC was performed via combustion

analysis of total C (Nelson and Sommers 1996) at

1350 �C in a stream of purified O2 using the LECO

SC-444 analyzer equipped with infrared detection

(University of Guelph Agriculture and Food Labora-

tory, Ontario, Canada). Prior to combustion analysis,

inorganic C content was removed by ashing samples

3 h at 475 �C (Nelson and Sommers 1996). This

technique ensures the elimination of carbonates in the

determination of OC without any interference from

other conventional techniques requiring chemical pre-

treatment of the sample to determine inorganic C

content (Johns et al. 2015). Analysis revealed no traces

of inorganic C, therefore OC content was equivalent to

total C. A minimum of 0.25 g of sample was used for

each total C measurement (detection limit of 0.1 %).

Expanded uncertainty of the LECO SC-444 analyzer

for total C in soil was 8 % of the result.

Determination of total N content was performed

using the Dumas method (Rutherford et al. 2008) on

separate portions of each sediment sample (University

of Guelph Agriculture and Food Laboratory, Ontario,

Canada). Briefly, dry combustion of samples was

performed in a sealed system wherein a stream of pure

O2 oxidized N compounds which were then converted

to N2 through a reduction furnace. Detection of

reduced N was performed with a thermal conductivity

cell on the LECO FP428 N analyzer. Approximately

0.20 g of each sample was used for total N (detection

limit of 0.05 %). Expanded uncertainty of the LECO

SC-444 analyzer for total N in soil was 24 % of the

result.

Solid-state CPMAS 13C NMR

Ground soil samples (*10–15 g) were pretreated with

hydrofluoric acid (HF, 10 % v/v) to remove any

paramagnetic minerals and concentrate OM prior to

solid-state NMR analysis (Rumpel et al. 2006). Each

soil sample was mixed with 200 mL HF solution and

sealed in 250 mL Nalgene centrifuge bottles then

agitated overnight. The supernatant HF solution was

removed after centrifugation (5000 rpm for 10 min)

and replaced with fresh HF daily for a total of 12 times.

Samples were then rinsed 10 times with deionized

water to remove excess salts and then freeze-dried and

ground. About 100 mg of the freeze-dried sample was

packed into a 4 mm zirconium rotor for NMR

analysis. NMR spectra were obtained using a

500 MHz Bruker BioSpin Avance III spectrometer

equipped with a 4 mm H–X MAS probe. Acquisition

entailed a ramp-CP program and a MAS spinning rate

of 13 kHz using contact time of 1 ms and a 1 s recycle

delay (Conte et al. 2004). Four chemical shift regions

corresponding to C functionality (Preston et al. 1997;

Simpson et al. 2008) were integrated and normalized

to the total C signal: alkyl C (0–50 ppm), O-alkyl C

(50–110 ppm), aromatic C (110–165 ppm), and car-

bonyl C (165–215 ppm). The associated uncertainty

of the whole spectrum using this method is reported to

be ±5 % of the total intensity (Dria et al. 2002).

Biomarker analysis by GC–MS

Solvent extractable biomarkers were isolated follow-

ing the procedure of Otto and Simpson (2005) via

sonication of the soil (*4 g) sequentially with 30 mL
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each of three solvents: dichloromethane, dichloro-

methane/methanol (1:1 v/v), and methanol. The sol-

vent extracts were combined and then filtered through

glass fiber filters (Whatman GF/A and GF/F), con-

centrated via rotary evaporation, transferred into 2 mL

glass vials and dried under a stream of N2 prior to

derivatization. All extractions were performed in

triplicate and reported as means with corresponding

standard errors.

Solvent extracts were derivatized prior to GC–MS

analysis. Reactive functional groups (alcohols and

carboxylic acids) were converted to trimethylsilyl

ethers by adding 90 lL N,O-bis-(trimethylsilyl)triflu-

oroacetamide (BSTFA) and 10 lL anhydrous pyridine

to each vial and heating for 1 h at 70 �C. After cooling,

400 lL hexane was added to each vial. The deriva-

tized extracts were analyzed by GC–MS using an

Agilent 6890 N GC coupled to an Agilent 5973 N

quadrupole mass selective detector. Samples were

injected (1 lL) using an Agilent 7683 autosampler

with a 2:1 split ratio and inlet temperature of 280 �C.

The GC was equipped with a HP-5MS fused silica

capillary column (30 m 9 0.25 mm id and 0.25 lm

film thickness). The GC parameters were set as

follows: initial oven temperature of 65 �C held for

2 min, temperature ramping from 6 to 300 �C at a rate

of 6 �C/min and held for 20 min at the final temper-

ature of 300 �C. Electron impact ionization (70 eV)

was used and the mass spectrometer was operated in

total ion current mode which scanned m/z from 50 to

650 Da. Biomarker quantification was performed with

external standards which were representative of dif-

ferent OM constituents (n-tetracosane, methyl tri-

cosanoate, n-docosanol and ergosterol). Agilent

Chemstation G1701EA software was used to process

GC–MS data and biomarkers were identified by

interpretation of mass fragmentation patterns, com-

parison with MS libraries (Wiley 9th with NIST 2008)

and analytical standards. Biomarker concentrations

were normalized to OC content of each sample to

facilitate comparisons between soil samples.

Results

Organic carbon (OC) and total nitrogen (N)

The undisturbed soil (UG) contained more OC at the

surface (2.69 %, 0 cm), which decreased progressively

with depth (Table 1). The disturbed upslope site (UPt)

exhibited consistently low OC content throughout the

soil profile (0.60–0.80 %). At disturbed downslope site

(LPt), high surface OC (3.86 %, 0 cm) contrasted with

lower concentrations in subsurface samples

(0.68–0.80 %, 5–40 cm) but increased OC was

observed at the maximum depth sampled (1.06 %,

90 cm).

Total N content (Table 1) in the undisturbed UG

surface soil was 0.18 % and decreased progressively

with depth (0.14–0.08 %) to the deepest sample

(65 cm) where N was below detectable limits

(\0.05 %). At the disturbed UPt site, total N was

below detectable limits throughout most of the soil

profile except for three mid-depth samples where N

content was measured between 0.05 and 0.06 %.

Throughout the disturbed LPt profile similarly low

levels of N were measured (0.05–0.08 %) except in

the surface soil where N content was 0.27 %.

Solid-state CPMAS 13C NMR

The solid-state CPMAS 13C NMR spectra (Fig. 2) and

the integrated regions of interest (Table 2) provide

general information regarding the overall C content of

the soil. However, because this method is considered

semi-quantitative, relative comparison between sam-

ples must be examined in conjunction with more

quantitative data such as biomarker analysis (Preston

2014). The undisturbed profile at UG, provides a

reference of what would typically be observed in

undisturbed Arctic soils at Cape Bounty demonstrat-

ing relatively high levels of O-alkyl C (54 %)

observed at the surface with lower aromatic C

(10 %) and alkyl C (28 %) contributions. More

intense signals within the O-alkyl region are generally

consistent with labile-rich C structures such as sugars

or peptides as well as methoxyl C, ethers, and wax

esters resulting from the deposition of fresh plant

detritus and microbial biomass (Baldock and Preston

1995; Amelung et al. 2008). The anomeric C peak in

the O-alkyl region at 105 ppm also suggests the

presence of carbohydrates (Preston et al. 1997). At

UG, the O-alkyl signal decreased steadily with depth

and at 65 cm the 13C NMR spectrum was dominated

by aromatic (47 %) and alkyl (42 %) moieties. Such

changes are consistent with progressive biodegrada-

tion and an enrichment of more recalcitrant-rich C

(Baldock and Preston 1995; Kögel-Knabner 1997). A
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ratio of alkyl to O-alkyl C is commonly used to assess

the relative level of OM decomposition as this ratio

increases with progressive degradation (Baldock and

Preston 1995; Sjögersten et al. 2003). The alkyl/O-

alkyl ratios from UG (Table 2) were indicative of

progressive degradation with depth, increasing

Table 1 Organic carbon

(OC) content and total

nitrogen (N) content in soil

depth profile samples from

the Cape Bounty Arctic

Watershed Observatory

a bdl below detection limit,

\0.05 %
� Expanded uncertainty

(coverage factor of 95 %)

for total carbon in soil: 8 %

of the result
�� Expanded uncertainty

(coverage factor of 95 %)

for total nitrogen in soil:

24 % of the result

Sample site Depth (cm) OC (%)� Total N (%)��

Upper Goose (UG) 0 2.69 0.18

5 1.61 0.14

15 1.21 0.11

30 0.94 0.08

40 0.92 0.08

65 0.48 bdla

Upper Ptarmigan (UPt) 0 0.71 bdla

5 0.78 bdla

15 0.79 0.05

30 0.79 0.06

40 0.80 0.06

70 0.60 bdla

Lower Ptarmigan (LPt) 0 3.86 0.27

5 0.80 0.07

15 0.78 0.06

30 0.74 0.06

40 0.68 0.05

90 1.06 0.08

Fig. 2 Solid-state 13C NMR spectra of soil depth profile samples from: a the undisturbed profile at Upper Goose (UG), b the disturbed

profile at Upper Ptarmigan (UPt), and c the disturbed profile at Lower Ptarmigan (LPt) of the Cape Bounty Arctic Watershed Observatory
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steadily from 0.52 at the surface to 1.39 in the 40 cm

sample. A substantial increase in the alkyl/O-alkyl

ratio was observed in the deepest soil at UG (8.40,

65 cm) suggesting highly degraded material.

Throughout the disturbed UPt profile, samples were

dominated by aromatic (38–48 %) and alkyl

(42–48 %) moieties with small contributions from

O-alkyl C throughout the profile ranging from 5–17 %.

Alkyl/O-alkyl ratios throughout UPt varied between

2.47 and 9.60 (Table 2) indicative of enhanced

degradation relative to undisturbed UG soil. In addi-

tion, the UPt spectra were generally similar to the

deepest soil at UG (65 cm) exhibiting aromatic C and

alkyl C dominance (Table 2). This suggests the

presence of recalcitrant-rich material, such as plant

waxes or altered lignin (Baldock and Preston 1995;

Preston et al. 1997), which are likely remnants of

plant-derived detritus buried and degraded over time.

This also indicates that the soil from the disturbed UPt

scar zone may have originally been a deeper compo-

nent of the profile prior to disturbance supporting the

hypothesis that the ALD shifted much of the upper soil

horizons away from UPt, thus exposing a much deeper

mineral soil to the surface.

Downslope in the disturbed LPt profile, the

surface soil produced a 13C NMR spectrum similar

to that of the UG surface soil with high levels of

O-alkyl C (58 %), likely corresponding to greater

labile C content from unaltered plant material.

Moreover, the alkyl/O-alkyl ratio from the LPt

surface soil exhibited the lowest value from the

study (0.38, Table 2), which further indicates gener-

ally high levels of labile C and limited decomposi-

tion. However, immediately below the surface,

O-alkyl content decreased substantially (20 %,

5 cm) and remained near this level (15–26 %) in

the subsurface samples of the LPt soil profile

(15–40 cm). Alkyl/O-alkyl ratios corroborate this

decline in labile C below the surface (1.46–3.00 for

subsurface samples: 5–40 cm, Table 2). At the

maximum sampling depth in the LPt profile

(90 cm), high O-alkyl C (34 %) relative to the

overlying horizons and a decrease in the alkyl/O-

alkyl ratio (1.09) suggested enrichment of labile C.

Table 2 Integrated contributions of four primary functional

groups and alkyl/O-alkyl proxy elucidated from solid-state 13C

NMR results of three soil profiles from the Cape Bounty Arctic

Watershed Observatory (values expressed as percent of total

NMR signal from 0–215 ppm)

Sample site Depth

(cm)

Alkyl

(0–50 ppm)

O-Alkyl

(50–110 ppm)

Aromatic

(110–165 ppm)

Carbonyl

(165–215 ppm)

Alkyl/

O-alkyl

Upper Goose (UG) 0 28 54 10 8 0.52

5 43 37 12 8 1.16

15 47 32 14 7 1.47

30 39 30 23 8 1.30

40 39 28 26 7 1.39

65 42 5 47 6 8.40

Upper Ptarmigan (UPt) 0 42 17 38 3 2.47

5 45 13 40 2 3.46

15 48 5 45 2 9.60

30 44 13 41 2 3.38

40 45 10 42 3 4.50

70 43 7 48 2 6.14

Lower Ptarmigan (LPt) 0 22 58 13 7 0.38

5 40 20 35 5 2.00

15 38 26 30 6 1.46

30 43 17 34 6 2.53

40 45 15 35 5 3.00

90 37 34 21 8 1.09
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Total solvent extraction

The homologous series of each aliphatic lipid class (n-

alkanes, n-alkanols, and n-alkanoic acids) were dom-

inated by long-chain ([C20) compounds at all sites

(Fig. 3), which is indicative of vascular plant-derived

sources (Amelung et al. 2008). A comprehensive

summary of the biomarker data for each profile is

listed in Tables S1–S3. In the undisturbed soil (UG),

total n-alkane concentrations (Fig. 3) increased with

depth in the top 30 cm of the soil profile

(0.289 ± 0.008 to 0.439 ± 0.034 mg/g OC); then

progressively decreased (0.310 ± 0.016 to

0.062 ± 0.006 mg/g OC). Similarly, the long-chain

n-alkanol concentrations (Fig. 3) increased with depth

through the upper 30 cm (1.722 ± 0.082 to

2.030 ± 0.228 mg/g OC) but then decreased with

depth (1.068 ± 0.096 to 0.061 ± 0.006 mg/g OC).

However, the distribution of n-alkanoic acids in the

undisturbed UG profile (Fig. S4) was marked by the

presence of short-chain n-alkanoic acids

(0.158 ± 0.018 to 0.414 ± 0.070 mg/g OC, Fig. 4),

mostly in the form of the C16 and C18 acids. The short-

chain C16 and C18 acids can originate from both plant

and microbial sources (Harwood and Russell 1984;

Dinel et al. 1990). Still, long-chain acids ([C20) were

dominant with increasing concentrations through the

upper 30 cm (1.387 ± 0.052 to 1.828 ± 0.183 mg/g

OC) and progressive decline deeper in the soil

(0.443 ± 0.031 to 0.042 ± 0.004 mg/g OC). In con-

trast, the disturbed upslope soil (UPt) contained low

concentrations of long-chain n-alkanes

(0.068 ± 0.006 to 0.198 ± 0.012 mg/g OC) through-

out the profile. However, small amounts of short-chain

n-alkanes were observed in the disturbed UPt soil

profile and may be suggestive of small concentrations

of microbial sources (0.0032 ± 0.0002 to

0.0081 ± 0.0003 mg/g OC, Fig. 4). Low concentra-

tions of n-alkanols at UPt (0.033 ± 0.002 to

0.128 ± 0.008 mg/g OC) were consistent throughout

the profile (Fig. 3). Conversely, the n-alkanoic acid

distribution at the disturbed UPt site (Figs. 4 and S2)

was dominated by the short-chain C16 and C18 acids

with much higher concentrations occurring 15? cm

below the surface (0.072 ± 0.005 to

0.311 ± 0.034 mg/g OC, Fig. 4) and lower concen-

trations of the long-chain homologues throughout the

profile (0.023 ± 0.002 to 0.071 ± 0.006 mg/g OC,

Fig. 3). At the disturbed downslope site (LPt), high

concentrations of long-chain n-alkanes were observed

in the surface sample (0 cm, 0.488 ± 0.022 mg/g OC)

and at maximum depth (90 cm, 0.416 ± 0.024 mg/g

OC) while concentrations in subsurface samples

(5–40 cm) were lower (0.212 ± 0.011 to

0.256 ± 0.018 mg/g OC). Higher n-alkanol concen-

trations in the disturbed LPt profile were also observed

in both the surface soil and the deepest point of the

profile (0.560 ± 0.022 and 0.753 ± 0.017 mg/g OC

Fig. 3 Concentration of long-chain (CC20) acyclic aliphatic lipid concentrations in the soil depth profiles at Cape Bounty. Error bars

indicate standard error calculated from triplicate analysis
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respectively) while the remaining subsurface soils had

n-alkanol concentrations ranging from 0.215 ± 0.005

to 0.252 ± 0.004 mg/g OC. The n-alkanoic acids

observed at the surface of LPt were predominantly

long-chain homologues (0.638 ± 0.034 mg/g OC,

Fig. 3), though high contributions from short-chain

acids (0.301 ± 0.019 mg/g OC, Fig. 4) were also

observed. Throughout the subsurface samples, short-

chain n-alkanoic acids were more abundant

(0.233 ± 0.038 to 0.399 ± 0.047 mg/g OC) than the

long-chain homologues (0.102 ± 0.006 to

0.164 ± 0.011 mg/g OC). At maximum depth, the

LPt soil exhibited comparable quantities of both long-

chain (0.214 ± 0.015 mg/g OC) and short-chain

(0.254 ± 0.042 mg/g OC) n-alkanoic acid con-

stituents. Overall, lower aliphatic lipid concentrations

were characteristic throughout the disturbed upslope

profile (UPt) and the subsurface soils downslope (LPt).

In contrast, higher concentrations of aliphatic lipids

were observed in the top 30 cm of the undisturbed soil

(UG) surface soil as well as at the surface and the base

layer of the disturbed downslope profile (LPt).

The carbon preference index (CPI) for each class of

aliphatic lipids (n-alkanes, n-alkanols, n-alkanoic

acids) can provide insight into OM diagenesis by

comparison of even and odd numbered chain length

distributions in lipids which are indicative of source

materials. Generally, the CPI proxies produce higher

values with the presence of unaltered epicuticular

waxes from higher plant-derived material (Eglinton

and Hamilton 1967) while values lower than 2 are

characteristic of a more advanced state of degradation

(Simoneit 1984; Tuo and Li 2005; Andersson and

Meyers 2012). The undisturbed UG profile exhibited

relatively high n-alkane CPI values, increasing from

4.51 ± 0.31 to 7.10 ± 0.75 in the upper 30 cm and

then decreasing from 5.38 ± 0.48 to 2.48 ± 0.44

through the lower portion of the profile (Fig. 5).

However, the n-alkanol and n-alkanoic acid CPI

values at UG (Fig. 5) were relatively high throughout

the profile suggesting preservation of unaltered OM.

Conversely, the n-alkane CPI values (Fig. 5) observed

throughout the disturbed upslope UPt profile were

much lower overall, ranging between 1.17 ± 0.09 to

1.97 ± 0.12. Unlike fresh plant-derived material

which generally exhibits a high CPI value, the lower

n-alkane CPI shown for UPt reflects a more homoge-

nous chain length distribution which is more charac-

teristic of degraded OM (Simoneit 1984; Marzi et al.

1993). Similarly, the n-alkanol and n-alkanoic acid

CPI values at UPt were found to be relatively lower

than other sites supporting the presence of altered OM

within the upslope disturbed soils (Fig. 5). At the

disturbed LPt site, high n-alkane CPI values (Fig. 5)

from the surface soil (15.6 ± 1.4) and the deepest

sample (7.70 ± 1.01) were observed while the other

subsurface CPI values ranged between 2.99 ± 0.52 to

3.63 ± 0.50. This suggests the accumulation of unal-

tered n-alkanes at the surface of LPt and potentially

indicates the preservation of unaltered material near

the base of the active layer (Simoneit and Mazurek

1982; Marzi et al. 1993). Additionally, relatively high

Fig. 4 Concentration of short-chain (\C20) acyclic aliphatic lipid concentrations in the soil depth profiles at Cape Bounty. Short-chain

n-alkanes were not detected in samples from UG and LPt. Error bars indicate standard error calculated from triplicate analysis
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CPI values for the n-alkanols and n-alkanoic acids at

LPt were comparable to the undisturbed site indicating

the presence of highly unaltered OM throughout the

disturbed downslope profile (Fig. 5). Overall, the CPI

proxies indicate more advanced OM degradation state

within the disturbed upslope soil (UPt) while soils in

the disturbed downslope profile appear to be relatively

unaltered; particularly within the surface soil and base

layer soil at LPt.

The steroids identified in each profile consisted of

plant-derived sterols (stigmasterol, campesterol, b-

sitosterol, and stigmastanol) and plant-derived ster-

ones (stigmasta-3,5-dien-7-one, sitosterone, and stig-

mastan-3-one) with minor contributions from

cholesterol and ergosterol (Fig. 6). The undisturbed

UG profile exhibited the highest concentration of

steroids (Fig. 6) with plant-derived sterols ranging

from 1.357 ± 0.082 to 2.187 ± 0.342 mg/g OC in the

upper 40 cm of the profile while sterones were found

in lower concentrations (0.264 ± 0.031 to

0.568 ± 0.069 mg/g OC). Cholesterol (0.044 ±

0.003 to 0.069 ± 0.014 mg/g OC) and ergosterol

(0.038 ± 0.010 to 0.063 ± 0.024 mg/g OC) were also

observed in the upper 40 cm at UG but in low

concentrations. The soil sampled at maximum depth

(65 cm) contained campesterol and b-sitosterol

(0.038 ± 0.005 mg/g OC total) but no other steroids

were detected. The occurrence of steroids at the

disturbed UPt site (Fig. 6) was limited to the plant-

derived sterols (0.013 ± 0.001 to 0.060 ± 0.007 mg/

g OC) and small concentrations of cholesterol

(0.007 ± 0.001 to 0.020 ± 0.002 mg/g OC). Steroids

observed at the disturbed LPt profile (Fig. 6) included

all those observed in the undisturbed soil (stigmas-

terol, campesterol, b-sitosterol, stigmastanol, stig-

masta-3,5-dien-7-one, sitosterone, stigmastan-3-one,

cholesterol, and ergosterol). LPt surface concentra-

tions of these steroids were similar to surface concen-

trations at the undisturbed site (1.322 ± 0.027,

0.319 ± 0.015, 0.097 ± 0.002, and 0.082 ±

0.002 mg/g OC for plant-derived sterols, plant-

derived sterones, cholesterol, and ergosterol respec-

tively). Subsurface LPt soils on the other hand

exhibited much lower concentrations of plant-derived

sterols (0.537 ± 0.033 to 0.598 ± 0.029 mg/g OC)

and sterones (0.072 ± 0.010 to 0.097 ± 0.011 mg/g

OC). The range of concentrations for cholesterol and

ergosterol at LPt (0.032 ± 0.002 to 0.053 ± 0.007

Fig. 5 Carbon preference indices of acyclic aliphatic lipids

from soil depth profiles at Cape Bounty. Error bars indicate

standard error calculated from triplicate analysis. Note: CPI is

calculated using carbon chain length ranges of i = 21–33,

20–30, and 20–28 for n-alkanes, n-alkanols, and n-alkanoic

acids respectively
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and 0.017 ± 0.006 to 0.028 ± 0.006 mg/g OC

respectively) were comparable to those at depth in

the undisturbed soil (Fig. 6). However, at 90 cm in the

LPt profile, the concentration of plant-derived sterols

(1.129 ± 0.060 mg/g OC) and sterones (0.123 ±

0.015 mg/g OC) increased while cholesterol (0.046 ±

0.005 mg/g OC) and ergosterol (0.014 ± 0.001 mg/g

OC) concentrations remained relatively low. Overall,

lower steroid content was observed throughout the

disturbed upslope (UPt) soils and subsurface samples

in the disturbed downslope profile (LPt). Higher

steroid concentrations at the surface and deepest layer

of LPt were consistent with the patterns observed with

the aliphatic lipids.

The solvent extractable compounds included simple

mono- and disaccharides: glucose, mannose, sucrose,

and trehalose (Fig. 7). In the undisturbed UG surface

soil (0 cm), all four sugars were found at relatively

high concentrations (0.595 ± 0.058, 0.583 ± 0.093,

0.791 ± 0.183, and 1.500 ± 0.153 mg/g OC for glu-

cose, mannose, sucrose and trehalose respectively).

These sugars were also observed in the disturbed LPt

surface soil but lower concentrations of glucose

(0.178 ± 0.028 mg/g OC) and mannose (0.194 ±

0.031 mg/g OC) were contrasted by higher concentra-

tions of sucrose (1.109 ± 0.079 mg/g OC) and tre-

halose (3.381 ± 0.196 mg/g OC). The concentration

of all sugars decreased substantially with depth at UG

except for trehalose (Fig. 7), which increased in

concentration just below the surface (2.257 ±

0.201 mg/g OC, 5–15 cm) before decreasing progres-

sively with depth (1.550 ± 0.150 to

0.007 ± 0.002 mg/g OC, 15–65 cm). In the LPt

subsurface soils (5–90 cm), relatively low concentra-

tions of glucose (0.009 ± 0.002 to 0.019 ± 0.002 mg/

g OC), mannose (0.004 ± 0.001 to 0.020 ±

0.002 mg/g OC), and sucrose (0.014 ± 0.004 to

0.122 ± 0.023 mg/g OC) were consistent with the

UG soil profile. However, trehalose concentration was

lower in the shallowest LPt subsurface soil

(0.683 ± 0.096 mg/g OC, 5 cm) and much lower

trehalose concentrations were observed at depth

(0.052 ± 0.009 to 0.104 ± 0.010 mg/g OC,

15–90 cm) contrasting with the higher trehalose con-

tent generally observed in the UG subsurface soils

(Fig. 7). Sugars in the disturbed UPt soil profile were

nearly absent (Fig. 7) with low concentrations of

sucrose and trehalose detected at the surface

(0.011 ± 0.003 and 0.123 ± 0.035 mg/g OC respec-

tively) and low concentrations of only trehalose in

deeper soils to a maximum depth of 30 cm

(0.030 ± 0.004 to 0.018 ± 0.004 mg/g OC). Concen-

trations of sugars followed a similar trend to that of the

aliphatic lipids and steroids with low concentrations

throughout the UPt profile and high surface concen-

trations downslope (LPt). However, sugars within the

deepest layer in the disturbed downslope profile (LPt)

did not increase as with other biomarkers.

Discussion

Surface soils from the undisturbed UG soil profile

have similar properties to those from undisturbed

locations within the Ptarmigan region (Pautler et al.

2010a), including: OC % (*1.4–2.3 %), integrated

Fig. 6 Concentration of steroid biomarkers from soil depth profiles at Cape Bounty. Error bars indicate standard error calculated from

triplicate analysis
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NMR regions (30–34, 49–51, 11, and 6–8 % for alkyl

C, O-alkyl C, aromatic C, and carboxylic C respec-

tively), alkyl/O-alkyl ratios (0.59–0.69) and aliphatic

lipid biomarker concentrations (*0.2–0.4 mg/g OC,

*1.4 mg/g OC, and *0.6–1.3 mg/g OC for n-alka-

nes, n-alkanols, and n-alkanoic acids respectively).

This consistency leads us to suggest that the disturbed

UPt soil was also similar prior to the 2007/2008 ALD

activity. If this is the case, it appears that the

disturbance shifted the established soil profile and

transferred material downslope by immediate sliding,

leaving exposed clay slurry and ground ice in the

upslope scar zone region (Lamoureux and Lafrenière

2009). In addition, the large and sustained increase of

suspended sediment observed downstream for several

years following the disturbance suggested a redistri-

bution of the exposed soils due to enhanced erosion

stimulated by ALD activity (Lewkowicz 2007;

Lamoureux and Lafrenière 2009). Throughout the

current profile, the disturbed UPt profile exhibited low

OC and N content (Table 1), low concentrations of

solvent extractable biomarkers (Fig. 3, Table S2), and

generally more stable material as suggested by the

NMR spectra (Fig. 2b) where low O-alkyl content and

a corresponding dominance of aromatic and alkyl C

were observed (von Lützow et al. 2006). Comparison

of the UPt spectra with that obtained from the deepest

undisturbed soil sample (UG, 65 cm) as well as the

lowest mid-depth soil from the downslope disturbed

site (LPt, 40 cm) reveals a comparable dominance of

aromatic and alkyl C (Table 2). These similarities

coupled to the mass shift of surface material observed

during the 2007/2008 ALD event indicate that the

surface now exposed at UPt scar zone was likely a

component of the subsurface mineral soils typically

found in High Arctic regions such as Cape Bounty

(Ugolini 1986; Goryachkin et al. 1999). The down-

slope shift of material by the ALD likely removed the

pre-existing overlying soil horizons, exposing the

current UPt profile to the surface. Additionally, the

low n-alkane CPI observed throughout UPt (Fig. 5)

suggests advanced OM degradation consistent with

deeper OM which has been buried over time (Eglinton

and Hamilton 1967; Rao et al. 2009). The disturbed

profile at UPt lacks substantial O-alkyl content which

would be suggestive of such long-term preservation of

labile C in the deeper mineral soils. However, the ALD

in Ptarmigan constitutes a depression in the landscape

which preferentially accumulates wind-blown snow

with a hydrological regime characterized by a well-

developed network of incised channels enhancing

surface erosion during spring runoff and rainfall

events (Lamoureux et al. 2014). Recent measurements

from the Ptarmigan region also revealed high sus-

pended sediment concentrations while stream water

geochemistry from CBAWO confirmed sustained

increases to fluvial export of terrestrial-derived mate-

rial in the region after the disturbance (Lamoureux

et al. 2014; Louiseize et al. 2014). Radiocarbon

analysis of riverine particulate OM from Ptarmigan

suggested the mobilization of aged terrestrial material

(6600–6740 years before present) in the disturbed

subcatchment (Lamoureux and Lafrenière 2014).

Moreover, enhanced lability observed in dissolved

Fig. 7 Concentration of simple sugars from soil depth profiles at Cape Bounty. Error bars indicate standard error calculated from

triplicate analysis
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OM (Woods et al. 2011) and fluvial sedimentary OM

(Grewer et al. 2015) in the Ptarmigan region down-

stream of the ALD support the transport of a large

amount of labile C from the disturbed soils into the

river. With little vegetation to hold the soil, it is likely

labile C has been lost to erosion since the ALD events.

The increased radiocarbon ages suggest that this

exported material may contain previously preserved

deep soil C. In addition, degradation in situ and during

transport of labile C has been observed with exported

soil material hypothesized to originate from Arctic

permafrost (Vonk et al. 2010; Spencer et al. 2015) and

may also occur in the disturbed UPt soil exposed by

the ALDs. Conversely, C loss at the site of the

disturbance may potentially occur via microbial

degradation of soil OM. However, the concentration

of short-chain aliphatic lipids, typically indicative of

microbial inputs (Amelung et al. 2008), was low at the

surface of UPt (Fig. 4). Hence, microbial consumption

likely contributes less to the overall loss of C within

the scar zone. Thus, with previous work reporting

increased labile C in sedimentary OM downstream

(Grewer et al. 2015), fluvial transport mechanisms

likely account for greater C losses within the UPt scar

zone than microbial degradation.

Downslope in the slump region at LPt, soil was

minimally disturbed by ALD activity and hence not

subject to enhanced erosion. However, patterned

compression ridges were observed in the surface soil

produced by the downslope relocation of relatively

intact material shifted by the disturbance (Lewkowicz

and Harris 2005a; Lamoureux and Lafrenière 2009).

High O-alkyl content observed in the surface soil

(Fig. 2c) suggests the presence of labile-rich C

sources, such as carbohydrates and peptides, while

the low alkyl/O-alkyl ratio (Table 2) is consistent with

more recently deposited detritus in an early stage of

degradation (Baldock and Preston 1995). The early

stage of degradation in labile OM implied by the

prominent O-alkyl signal is further supported by the

relatively high CPI observed in the labile biomarkers

(n-alkanols, n-alkanoic acids; Fig. 5). However, a

sharp decrease in the O-alkyl content and biomarker

concentrations was observed just below the surface of

the disturbed LPt soil (Figs. 2c, 3). The shift in OM

composition with depth at LPt was not consistent with

the distribution in the undisturbed soil at UG. With

relatively consistent soil characteristics throughout the

region, the downslope profile at Ptarmigan (LPt) likely

exhibited similar pre-disturbance OM distributions to

the undisturbed soil. However, the pre-existing hydro-

logical network and topography at LPt likely enhanced

export of OM during runoff periods prior to the

disturbance (Lamoureux et al. 2014) and is consistent

with the recalcitrant-rich OM observed in the subsur-

face soil. At the surface, the formation of lateral

compression ridges via the ALD may enhance the

retention of post-disturbance runoff material, con-

tributing to the higher OC content observed (Table 1).

Hence, comparison with subsurface soil from both the

disturbed and undisturbed soils demonstrates a shift at

the surface of LPt toward labile-rich OM, likely due to

ALD activity. The surface layer also exhibits

increased concentrations of long-chain n-alkanes

(Fig. 3) and trehalose (Fig. 7). The long-chain n-

alkanes, attributed to increased vascular plant input,

are generally more persistent than other lipids in soils

(Eglinton and Logan 1991; Bush and McInerney

2013). In addition, trehalose, a disaccharide known to

be more resistant to decomposition than other simple

sugars may be produced by soil microbes in response

to freezing and C starvation (Niederer et al. 1992;

Silljé et al. 1999; Higashiyama 2002; Shi et al. 2010).

These properties suggest that both the n-alkanes and

trehalose may preferentially accumulate in Arctic soils

over time. The increased concentration of plant-

derived n-alkanes and trehalose observed at the

surface of the disturbed LPt site and the observed

decrease immediately below are indicative of an

accumulation of material from the surrounding soil

upslope. The observed decrease of O-alkyl content and

overall biomarker concentrations in the current sub-

surface soil may therefore mark the transition between

the well-drained pre-ALD profile below, and an

agglomeration of the surrounding surface soil retained

by the compression ridges above.

Soil OM composition retained by the compression

ridges at the surface of the LPt profile exhibit high

concentrations of unaltered O-alkyl C at the surface

(Fig. 2c). Progressive degradation of the unaltered

OM with further warming, accompanied by shifts in

microbial populations, may accelerate decomposition

and convert the O-alkyl containing species to more

accessible forms which may have the potential to

increase microbial activity. The long-term outcome of

this process results in an overall decline of OM in

Arctic and sub-Arctic soils which may be attributed to

increased microbial mineralization of C in response to
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nutrient and substrate addition, and is referred to as

soil priming (Nadelhoffer et al. 1991; Hartley et al.

2010; Lee et al. 2012). Pautler et al. (2010a) observed

a surge in microbial activity of surface soils recently

disturbed by ALDs at Cape Bounty suggesting the

early stages of soil priming. The authors also reported

a decrease in labile OM at the site of an historic ALD.

In our study, OM distribution in soils from the

undisturbed site (UG) was consistent with other

undisturbed Arctic soils in the region (Pautler et al.

2010a) exhibiting lower n-alkane concentrations and

higher concentrations of more labile lipids such as n-

alkanols and n-alkanoic acids in the surface soil

(Fig. 3). Conversely, the surface soil at LPt exhibited

an enrichment of n-alkanes coupled with a decline of

labile components such as n-alkanols, n-alkanoic

acids, and simple sugars (Figs. 3, 7). This accumula-

tion of more persistent OM (n-alkanes) in addition to

reduced levels of labile compounds (n-alkanols, n-

alkanoic acids, and sugars) may result from preferen-

tial degradation by microbes, potentially indicating

the early stages of priming (von Lützow et al. 2006)

and supports results from earlier studies collectively

suggesting that priming may contribute to accelerated

degradation of OM in High Arctic soils (Hartley et al.

2010; Pautler et al. 2010a). Despite the decreased

levels of labile biomarkers, higher O-alkyl content

observed via 13C NMR in the surface soil (Table 2)

suggests the presence of more complex, unaltered OM

such as cellulose which may provide a more sustained

C source for microbes. In addition, the compression

ridges at LPt may restrict export of OM, prolonging

the cycle of growth associated with shifting microbial

communities in the context of soil priming (Fontaine

et al. 2003). However, the extent to which priming

occurs may depend on many other mitigating factors

such as the form, concentration, and bioavailability of

OM (Kögel-Knabner 2002; Boddy et al. 2008;

Kuzyakov 2010), the level ecosystem primary pro-

duction (Wild et al. 2014), the availability of oxygen,

nitrogen, and other crucial nutrients (Sistla et al. 2012;

Treat et al. 2015), temperature and moisture content in

the soil (Rivkina et al. 2000; Mikan et al. 2002; Boddy

et al. 2008), as well as shifting hydrological patterns

(Hotchkiss et al. 2014) and export of viable substrate

through erosion (Woods et al. 2011; Louiseize et al.

2014). Our study suggests that the formation of

compression ridges in the slump region of the ALD

promotes accumulation of unaltered OM which may

enhance progressive degradation through soil priming.

However, further study of the disturbed soil is

necessary to facilitate accurate long-term predictions

within different localized environments such as LPt.

With only minor disruption observed near the

surface of the downslope region, the deepest LPt soil

(90 cm) likely represents older permafrost-derived

material being exposed from below the frost table by a

thickening active layer. This belowground region near

the active layer boundary represents a transition zone

where annual fluctuations in climate can potentially

alternate the condition of the soil between perennially

frozen permafrost and the seasonally thawed active

layer over decadal to centennial periods (Shur et al.

2005). As noted previously, OM below the active layer

may experience enhanced preservation by perennially

freezing within Arctic permafrost, though few studies

report the molecular-level composition of these soils

(Dutta et al. 2006; Uhlı́řová et al. 2007; Vonk and

Gustafsson 2013). While relatively high summer

temperature recorded from 2007 at CBAWO was

considered to be instrumental in the initiation of ALDs

(Lamoureux and Lafrenière 2009), warmer than

average temperatures during the year of sampling

(Favaro and Lamoureux 2014) strongly suggest that

the 2012 active layer depth observed at LPt represents

much deeper thawing than is typically observed

(Lamoureux et al. 2014). Accordingly, the high

concentration of labile lipids (n-alkanols and n-

alkanoic acids, Fig. 3) and the prominent O-alkyl

resonance observed in the NMR spectrum (Fig. 2c)

support the presence of labile OM deep within the LPt

profile which may imply the release of labile per-

mafrost-derived OM from below the frost table upon

active layer thickening. Within the O-alkyl region of

the NMR spectrum (90? cm; Fig. 2c), the most

intense peak (65–95 ppm) corresponds with oxygen

substituted C, ring C in carbohydrates, and C from

ether groups. In addition, the prominent anomeric C

signal (105 ppm) suggests that the O-alkyl C content

observed at depth likely contains a relatively large

proportion of carbohydrates. However, the low con-

centrations of extractable sugars observed (Fig. 7)

suggest the presence of more complex carbohydrates

such as cellulose, likely preserved by the low temper-

atures and greater moisture retention in the LPt soil

resulting from accumulated snow cover in the down-

slope region extending the seasonal melting period. In

contrast, a lack of labile C observed within the deeper

Biogeochemistry (2016) 128:397–415 411

123



upslope soil (UPt) exposed by the ALD suggests that

the preservation of OM in permafrost below the active

layer may not be uniform throughout the soils of

CBAWO. With minimal disruption at LPt however,

the labile OM observed at depth likely corresponds to

the release of OM preserved below the active layer,

providing an example of the OM composition poten-

tially stored at the transition zone between the active

layer and continuous permafrost in Canadian High

Arctic soils.

Conclusion

This study found that OM content and character is

altered by ALDs in Canadian High Arctic soils with

surface horizons of the disturbed regions experiencing

the most marked shift in OM composition. Many

studies of Arctic soil have reported the preservation of

labile OM below the active layer (Sjögersten et al.

2003; Zimov et al. 2006b; Waldrop et al. 2010; Vonk

and Gustafsson 2013; Schuur et al. 2015), yet our

results indicate the removal of the overlying soils by

ALDs in the upslope region exposed mineral soils with

low concentrations of labile OM. However, given the

potential enhancement of fluvial export via surface

runoff erosion and previous work confirming the

accumulation of labile C downstream of the ALD, it is

likely that much of the OM from the disturbed upslope

site would have been mobilized downstream. In the

downslope slump region, the formation of compres-

sion ridges at the surface disrupted the well-estab-

lished pre-ALD hydrological network, likely

enhancing the accumulation of OM. Deep below the

surface in the downslope region, increased active layer

thickness revealed an enrichment of labile C at depth

likely a result of long-term preservation in permafrost.

Results from our study thus demonstrate how ALDs

may alter soil OM composition with depth and to

varying extents between the upslope and downslope

regions of the detachment. However, slope variability

across the landscape was not studied directly and

hence conclusions regarding the shift of pre-ALD OM

composition from upslope or downslope areas are

limited. Examination of the spatial heterogeneity in

ALD-impacted areas should therefore be the focus of

future work to determine the scale of compositional

shifts in soil OM imposed by ALD activity. Addition-

ally, continued disruption over future freeze–thaw

cycles may heighten erosion during spring-thaw

runoff, increasing terrestrial-derived inputs to the

surrounding aquatic systems (Wang and Bettany 1993;

Schimel and Clein 1996; Henry 2007). Hence, further

monitoring of disturbed areas such as CBAWO is

necessary to provide an increasingly accurate assess-

ment of potential shifts in biogeochemical cycling in

the High Arctic.
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