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Abstract. Soil carbon stored in high-latitude permafrost
landscapes is threatened by warming and could contribute
significant amounts of carbon to the atmosphere and hydro-
sphere as permafrost thaws. Thermokarst and permafrost dis-
turbances, especially active layer detachments and retrogres-
sive thaw slumps, are present across the Fosheim Peninsula,
Ellesmere Island, Canada. To determine the effects of ret-
rogressive thaw slumps on net ecosystem exchange (NEE)
of COz in high Arctic tundra, we used two eddy covari-
ance (EC) tower systems to simultaneously and continuously
measure CO» fluxes from a disturbed site and the surround-
ing undisturbed tundra. During the 32-day measurement pe-
riod in the 2014 growing season, the undisturbed tundra
was a small net sink (NEE = —0.1gCm~2d~1); however,
the disturbed terrain of the retrogressive thaw slump was a
net source (NEE = 4+0.4gCm~2d~1). Over the measure-
ment period, the undisturbed tundra sequestered 3.8gCm~—2,
while the disturbed tundra released 12.5gCm~2. Before
full leaf-out in early July, the undisturbed tundra was a
small source of CO; but shifted to a sink for the remain-
der of the sampling season (July), whereas the disturbed
tundra remained a source of CO, throughout the season.
A static chamber system was also used to measure day-
time fluxes in the footprints of the two towers, in both dis-
turbed and undisturbed tundra, and fluxes were partitioned
into ecosystem respiration (Re) and gross primary production
(GPP). Average GPP and R, found in disturbed tundra were
smaller (+0.40pmolm=—2s~! and +0.55umolm=—2s~1,
respectively) than those found in undisturbed tundra
(+1.19umolm=—2s~1 and +1.04pmolm=2s~1, respec-
tively). Our measurements indicated clearly that the per-
mafrost disturbance changed the high Arctic tundra system

from a sink to a source for CO2 during the majority of the
growing season (late June and July).

1 Introduction

Permafrost soils in the Arctic store vast amounts of carbon.
The northern permafrost zone carbon inventory estimates the
quantity of soil organic carbon stored in the top 3 m of frozen
and unfrozen soils in northern circumpolar permafrost re-
gions to be 1035 + 150 Pg, or approximately 50 % of world-
wide soil organic carbon (Tarnocai et al., 2009; Grosse et al.,
2011; Hugelius et al., 2013; Schuur et al., 2015). Measure-
ment difficulties and uncertainty regarding carbon storage in
cryoturbated soils may result in an underestimation of cur-
rent estimates by as much as a factor of 2 (Hugelius et al.,
2013). As ground temperatures increase due to global climate
change and permafrost thaws, this organic carbon becomes
available for microbial decomposition (Schuur et al., 2008).
McGuire et al. (2006) noted the implications for feedbacks
to Arctic climate resulting from disturbance and enhanced
decomposition including positive feedbacks as more CO> re-
leased leads to warmer temperatures, thus exacerbating thaw
and leading to further release of CO,. Conversely, a negative
feedback may result if soil carbon inputs offset decomposi-
tion, as the balance between litter accumulation and decom-
position determines the net effect on climate (Davidson and
Janssens, 2006; Cornelissen et al., 2007).

Predicted climate change is expected to increase the fre-
quency and extent of land surface disturbances in the Arctic
(ACIA, 2005, Vincent et al., 2011). These disturbances are
usually linked to thermokarst and affect soil temperature, wa-
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ter quality, and soil nutrients (Mackay, 1970; Lamoureux and
Lafreniére, 2009; Lantz et al., 2009; Kokelj and Lewkowicz,
1998; Kokelj and Lewkowicz, 1999). In the high Arctic, these
disturbances commonly take the form of retrogressive thaw
slumps (RTS). RTS are initiated by the exposure of ground
ice (sometimes linked to coastal erosion) and result in the
removal of soil and vegetation as the slump retreats further
upslope (Lantuit and Pollard, 2008). As ground ice thaws,
the headwall regresses and will remain active until falling
blocks of soil and vegetation insulate exposed ice and pre-
vent further thaw (Burn and Friele, 1989). Within the over-
all landscape, these distinct landforms often create unique
microclimates resulting in increased landscape heterogeneity
(Ukraintseva, 2008; Lantz et al., 2009; Bosquet, 2011). Cli-
mate warming may cause differential responses in disturbed
and undisturbed tundra. For example, the response of plants
to increases in temperature may be intensified when distur-
bance occurs (Lantz et al., 2009). Lantz et al. (2009) sug-
gested that disturbances play a more significant role in vege-
tation modification than temperature changes, particularly on
the fine scale. We hypothesize that those changes in the land-
scape (slumping and vegetation loss) will have a significant
effect on the carbon balance of tundra systems. However, no
direct measurements of net ecosystem exchange (NEE) and
its component fluxes, ecosystem respiration (Re) and gross
primary productivity (GPP), have been completed to deter-
mine the effect of these permafrost disturbances.

Eddy covariance (EC) has been used to quantify NEE in
the Arctic, and measurements vary greatly, depending on lo-
cation and ecosystem type. The magnitude of CO, fluxes
are generally greater at low latitudes than in the high Arc-
tic (Lafleur et al., 2012) and in wet sedge areas than dry
heath tundra (Kwon et al., 2006; Groendahl et al., 2007).
Variability may be explained by plant composition and abun-
dance, nutrient availability, substrate quantity, and soil or-
ganic matter (Mbufong et al., 2014). Typical mean daily val-
ues measured during the growing season ranged between 0.2
and 2.2gCm~2d~! at a wide range of Arctic sites (Lafleur
et al., 2012). Previous studies have found large interannual
variability within and among sites, which can shift the site
from a carbon sink to carbon source (Griffis and Rouse, 2001,
Kwon et al., 2006; Merbold et al., 2009). Large variability in
tundra vegetation communities over short distances increases
the difficulty in assessing NEE fluxes across the Arctic and
determining their responses to disturbance and environmen-
tal change (Lafleur et al., 2012).

Static chamber systems, which partition NEE into compo-
nent fluxes GPP and Re, are an alternative method of mea-
suring ecosystem fluxes. Chamber studies in the Arctic have
found a loss of carbon during the winter and increasing sink
potential with a longer growing season (Welker et al., 2000,
2004). At Alexandra Fiord, Ellesmere Island, experimental
warming impacted NEE differently based on soil moisture,
with a greater increase in respiration at dry than at wet sites
(Welker et al., 2004). Across a latitudinal gradient, warm-
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ing tended to increase respiration, with the greatest increases
found in dry ecosystems (Oberbauer et al., 2007).

While NEE values are generally similar between cham-
ber and EC methods, differences are attributed to the scale
of the measurements (Stoy et al., 2013). Fox et al. (2008)
showed that there was large bias in upscaling chamber mea-
surements, relative to EC values in a tundra ecosystem, due
to microscale surface heterogeneity of the landscape. Fur-
ther, in the high Arctic with 24 h of daylight, during which
the sun remains relatively high above the horizon, the usual
partitioning methods for EC measurements into component
fluxes (Reichstein et al., 2012) are not applicable, as they rely
on nighttime measurements or measurement during low light
conditions. Consequently, to measure the impact of the RTS
on the CO, exchange of high Arctic tundra we used both EC
and chamber measurements.

In this study, we analyse the impacts of RTS on CO; ex-
change in a high Arctic tundra ecosystem. Our main research
objective was to examine how growing season NEE and its
component fluxes vary between an active RTS and undis-
turbed tundra.

2 Study area

Our research was conducted on the Fosheim Peninsula, lo-
cated on western Ellesmere Island, Canada (79°58'56” N
84°23'55” W (WGS-84); elevation 100 ma.s.l.). The field
site had an active, isolated retrogressive thaw slump (RTS)
(6300m?) within a relatively flat area and wind patterns
were constrained (NNE-SSW) by its location near a shallow
valley bottom (Figs. 1 and 2). Ice-rich permafrost is found
throughout the study region and increased summer temper-
atures and precipitation over the past 20 years have resulted
in greater occurrence of active layer detachment slides and
RTS (Lewkowicz and Harris, 2005a). The geological sub-
strate is mainly sandstones of the Eureka Sound group (Bell,
1996) with marine deposits of silts and fluvial sandy soils
varying in thickness above bedrock (Robinson and Pollard,
1998). The limit of ocean inundation at the end of the last
glaciation in the area lies at approximately 140 ma.s.l. (Bell,
1996), with limited vegetation above this level; our study lo-
cation was located below the marine limit. Vegetation at the
site was a relatively uniform dwarf-shrub—graminoid com-
munity on moderately drained, slightly alkaline soils. \eg-
etation located in the undisturbed tundra was dominated by
the dwarf shrubs Salix arctica, Dryas integrifolia, the sedge
Carex nardina, and mosses and lichens. Within the distur-
bance, the dominant plant species was the grass Puccinellia
angustata, which is able to colonize the disturbed area and
proliferate. Vegetation cover within the RTS varied based on
moisture and proximity to undisturbed vegetation and was
much lower than the surrounding undisturbed areas (with es-
timates of cover averaging (+=SE) 3(40.5) % and 27(£1.5) %
total cover, respectively). The nearest weather station, Eu-
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Figure 1. Aerial image of the dual eddy covariance system set-up
with the location of both flux towers indicated. The valley trends
NNE-SSW. View is to the south.

reka, is located 40 km to the west and has a mean temperature
of 6.1 °C and mean precipitation of 14.5 mm in July over the
1981-2010 period (Environment Canada, 2015).

3 Materials and methods

3.1 Eddy covariance measurements of carbon-dioxide
fluxes

An appropriate sampling design was necessary to quantify
the CO» fluxes between land surface and atmosphere simul-
taneously from disturbed and undisturbed sites in close prox-
imity (Hollinger and Richardson, 2005). We used a dual eddy
covariance approach, which was advantageous over a single
eddy covariance tower as we were able to measure fluxes
simultaneously from disturbed tundra and the surrounding
undisturbed tundra (Fig. 1; Fig. 2). However, direct place-
ment of an EC system within the disturbance was not possi-
ble due to the active mass movements in the RTS creating a
risk for researchers and equipment. Two towers were estab-
lished on opposite sides of the RTS, at the boundary between
disturbed and undisturbed terrain (Fig. 1). Tower 1 was es-
tablished on the southern boundary of the RTS and Tower
2 was established on the northern boundary at a distance of
90 m from Tower 1. Disturbed tundra were areas impacted by
RTS, while undisturbed tundra were areas located outside the
boundary of the RTS. This set-up allowed the measurement
of fluxes containing signals from both areas simultaneously.
By using turbulent source area modelling (see below), we
then estimated the contribution of disturbed and undisturbed
tundra to each of the signals.

Both EC systems were established on tripods located on
the periphery of the active RTS on 26 June 2014 and operated
continuously until 28 July 2014. On each system the instru-
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Figure 2. Turbulent source areas for two time steps on day of the
year (DOY) 186 ((a) 09:00 and (b) 18:00), with ellipses display-
ing areas contributing to the given percentage of the signal from
each instrument tower (T1 and T2). Three ellipses from each tower
represent the 50, 80, and 90 % cumulative source area. The shaded
area represents a signal from the disturbed part of the surface. The
white polygon represents the furthest extent of headwall retreat, as
the initial image was taken in July 2013 (Worldview-2) and signif-
icant retreat occurred between image acquisition and the summer
2014 sampling period.

mentation included the following: an ultrasonic anemometer
(CSAT-3, Campbell Scientific Inc., Logan, UT, USA) and a
co-located infrared gas analyser (IRGA) (LI-7500, LI-COR
Inc., Lincoln, NE, USA). The IRGA was tilted 30° from
the vertical to minimize issues associated with sensor heat-
ing and reduce the pooling of moisture on the windows (see
Supplement). The IRGA and ultrasonic anemometer were es-
tablished at a height of 1.3 m on both towers, a temperature
and humidity sensor (HMP, Campbell Scientific Inc.) at 1 m,
a quantum sensor (SQ-110, Apogee Instruments Inc., Lo-
gan, UT, USA) at 1 m, a net radiometer (NR Lite, Kipp &
Zonen B.V., Delft, the Netherlands) at 1 m, and all sensors
were attached to a data logger (CR1000, Campbell Scien-
tific Inc.). This double EC sampling technique allowed for
simultaneous sampling of fluxes from the disturbed tundra
and the surrounding undisturbed (control) terrain for most
time steps. Previous knowledge of wind direction ¢ based
on the location of the disturbance within a valley constrained
winds along the valley axis into up-valley wind (0° < ¢ <40°)
and down-valley wind (160° < <200°) directions, which
resulted in aligning the sector facing towards 290°, having
a sector free of flow distortion from 140 to 80° (distorted
sector was 80 to 140°). The towers were established at a dis-
tance of 3 m from the slump edge to ensure stability and were
moved periodically throughout the season due to the reces-
sion of the slump edge. Additionally, the potential impacts
of step changes due to the placement of the flux tower at
the boundary of disturbed and undisturbed tundra was mini-
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mized through the use of friction velocity thresholds and re-
moving data with wind along the discontinuity with obvi-
ous flow distortion. Both IRGAs were calibrated prior to the
field season using a two-point calibration in the lab against
standards from the Greenhouse Gas Measurement Labora-
tory (GGML), Meteorological Service of Canada, using a
zero gas and span gas of a known mixing ratio.

Fluxes of CO, (Fc) were computed in EddyPro® (V5.1.1,
LI-COR Inc.) with a missing sample allowance of 30 %. F¢
was calculated over a 30 min averaging interval using double
rotation for tilt correction, block average detrending, contact
time lag detection, and density corrections using mixing ra-
tios (Burba et al., 2012). Data were quality checked using the
flagging system proposed by Mauder and Foken (2004).

3.2 Turbulent source area model

To estimate the instantaneous turbulent source area that in-
fluences sampled NEE, a 2-D gradient diffusion and cross-
wind dispersion model (Kormann and Meixner, 2001) was
run for all 30 min periods between 26 June 2014 and 28 July
2014 at a 1 m grid resolution over a domain of 300m x 300 m
with the tower situated in the centre (see Fig. 2). Model in-
puts included wind direction # (°), standard deviation of the
lateral wind component oy (m), roughness length zg (m) and
Obukhov length L (m) separately for each tower and for each
time step. ¥, oy, and L were calculated directly by EddyPro®
based on measurements by the two ultrasonic anemometers.
Roughness length varied depending on whether the upwind
surface in a particular time period was in the RTS or rep-
resenting undisturbed tundra. zo was determined separately
for 10° wind direction bins based on the ensemble of mea-
surements from the entire data set following Paul-Limoges
et al. (2013). For each wind sector «, zg was calculated for
cases with near-neutral stability (—0.05<z/L <+ 0.05) us-

ing Eq. (1):

20 (0) = zexp (—I;—E) , 1)

*

where z is the measurement height (1.3m), k is the von
Karman constant (0.4), u is the measured mean horizontal
wind (ms~1) from this wind direction, and u,. is the simul-
taneously measured friction velocity (ms~1) calculated as
1y = (@w” + w25, where 7w’ and v'w’ are covari-
ances of longitudinal («), lateral (v), and vertical (w) wind
components. Mean wind u and covariances were calculated
by EddyPro® based on measurements from the ultrasonic
anemometer. The disturbed sectors of both towers had an av-
erage zo = 0.032m, whereas the undisturbed sectors had an
average zo = 0.017 m. Gridded flux footprints (or vertical per
unit point source) ¢ (x, y) were calculated with a 1 m resolu-
tion for each 30 min step following Christen et al. (2011). A
fraction of the flux footprint was predicted to be outside the
300 m study area, which was assumed to represent an undis-
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turbed (control) surface (as no additional permafrost distur-
bances were located in proximity to the towers).

The 300m x 300 m model domain included the entire dis-
turbance, and a spatial mask 7 (x, y) of the domain was cre-
ated with a value of 1 inside the disturbance boundary and 0
for undisturbed tundra. For each grid-cell, I (x, y) was mul-
tiplied by ¢ (x, y) and then summed to determine the fraction
of the footprint that originates from inside the RTS (Eqg. 2):

300 300

Dg=D > 1(x, )P, y). @)

x=1ly=1

dyq is the fraction of the tower signal (from 0 to 1) influ-
enced by the disturbed surface of the RTS. The fraction of
the signal influenced by the undisturbed tundra @ is then
calculated as ®; = 1 — ®4. By solving a set of linear equa-
tions (Egs. 3 and 4), we are able to partition the component
fluxes of CO; (Fig. 2) from the disturbed tundra (NEEgy) and
from the undisturbed tundra (NEE;) from both towers (T1
and T2):

NEE (T1) = ®q (T1) NEEq + ®¢ (T1) NEE, ©)
NEE (T2) = &g (T2) NEEq + ®¢ (T2) NEE,. 4)

Turbulent source areas calculated for each time step over
the sampling period are shown in Fig. 2. These two ex-
ample time steps from Fig. 2 can be solved as follows.
In the first time step (09:00), ®. for T1 is 1; there-
fore, the NEE (T1) = NEE; = —0.17 pmolm—2s~1, For T2,
88% (dg) was disturbed, while the remaining 12 % was
allocated as undisturbed (®¢), so NEE; and NEEq were
solved with NEE (T2) = 1.20 umolm~2s~1 and resulted in
NEEq = 1.39umolm—2s~1. Corresponding to the second
time step from Fig. 2 (18:00), T1 is influenced by both undis-
turbed and disturbed NEE as &4 (T1) =0.73 and ®.(T1) =
0.27, and NEE (T1) is 0.38umolm—2s~1. At T2, &4 is 0,
while & is 1, so NEE (T2) = NEE; = —0.03ymolm—2s71,
Consequently, NEE; = —0.03pmolm~2s~1 and NEE4 =
0.54pmolm—2s71,

Calculations of NEEy and NEE, were numerically unsta-
ble under multiple combinations of surface fractions, includ-
ing when winds were parallel to the edge of the disturbance
and when @4 and & were roughly equal to one another. As a
result, values where the absolute difference between ®4 and
®. was less than 0.05 were removed and fluxes were gap-
filled as detailed below during these periods.

The resulting NEE; and NEEy were compared and fluxes
that had a difference from the daily average that was greater
than 5 standard deviations of the 30 min values of the same
day (applied iteratively) were removed. For further analysis,
half-hour fluxes were averaged to calculate hourly fluxes. If
one of the two 30 min values was invalidated, then the hourly
value was calculated based on the remaining other 30 min
period. Hourly gaps that still existed were then filled using
the following methods: (a) gaps in NEE; and NEEq of less
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than 2 h were filled using a linear interpolation; and (b) gaps
greater than 2 h were filled using aggregate averaging over a
rolling 3-day window selecting the same time of the day. The
cleaned and filled data set is composed of 86 % original data
and 14 % gap filled (of a total of 750 data points; 106 of these
were modelled). Data were also removed during times of
maintenance, when the towers were moved, and when man-
ual chamber or vegetation measurements were made within
the tower footprint.

3.3 Portable chamber system

On 27 June 2014, 63 opaque PVC collars (10cm diam-
eter; A =78.5cm?; 6cm depth) were installed across the
source areas of T1 and T2, in both the disturbed and undis-
turbed zones (disturbed tundra N = 21; undisturbed tundra
N = 42). They were inserted 4cm into the ground so as to
minimally disturb soil and vegetation and were left to pro-
trude 2 cm above the soil surface. As moss cover was min-
imal and discontinuous, the location of the ground surface
could be easily identified as the upper surface of the soil.
Collar locations were randomly determined based on the gen-
eration of random distances and angles from the flux tower
within disturbed and undisturbed flux source areas, with a
minimum distance of 2m and a maximum distance of 30m
from the towers. The disturbed areas of the RTS were not
entirely devoid of vegetation, as clumps of soil and plants
existed sporadically throughout the disturbance; 9 of 21 col-
lars contained at least one individual plant. Measurements of
CO>, fluxes began on 29 June to allow the immediate distur-
bance effects of installation to dissipate.

A non-steady-state vented portable chamber system simi-
lar to Jassal et al. (2005) was used to measure fluxes from
each collar using transparent and opaque chambers. The
measurement head was a PVC chamber with a volume of
1.4 x 1073 m?3 (height: 15.6 cm; diameter: 10.7 cm). Fluxes
from all collars were measured six times throughout the
study period at 5-day intervals. The chamber head was placed
on each collar and a foam gasket sealed the connection be-
tween the collar and the chamber head. Measurements were
made for 2min. A pump (flow rate 600 cm®min~—1) circu-
lated air from the chamber head into a portable, battery-
operated IRGA (LI-840, LI-COR Inc., Lincoln, USA) and
back into the chamber head through a closed circuit. The
IRGA determined CO, mixing ratios ([CO2] in ppm) and
water vapour concentrations at a temporal resolution of 1 Hz
during the run. The IRGA was calibrated in the laboratory
prior to sampling using a two-point calibration, against stan-
dards from the Greenhouse Gas Measurement Laboratory
(GGML), Meteorological Service of Canada, using a zero
gas and span gas of a known mixing ratio. The IRGA has
been calibrated in the laboratory for effective volume, which
exceeds geometric volume by 10 % due to the absorption of
CO5 on the walls of the chamber and the contribution of near-
surface soil porosity (Jassal et al., 2012). This calibration was
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carried out in the laboratory by determining the difference
between two flux measurements, one immediately following
the other, where the second measurement included a known
rate of injection of CO3 into the chamber.

Fluxes were calculated from A[COz]/At (linear regres-
sion over 2 min, discarding the first 10s), using Eq. (5):

pDV A[CO,]
Fo="——
A At

: ®)

where p is molar air density (molm=3) calculated from
measured air temperature, D is dilution considering [H2Q],
A[CO3]/ At is the rate of change in CO, mixing ratio over
time (umolmol~ts~1), and V and A are chamber volume
and area, respectively. To obtain measurements of NEE,
the transparent chamber head was used on each collar. For
ecosystem respiration (Re) measurements, the chamber was
removed and allowed to equilibrate to ambient [CO2] before
being replaced on the collar, and a dark shroud was placed
over the transparent chamber head to block out all photosyn-
thetically active radiation (PAR). GPP was calculated based
on GPP = R, — NEE, where NEE is negative if GPP > R,
and both R, and GPP are positive values. NEE and R mea-
surements were taken within minutes at each collar allow-
ing for comparison. Measurements were conducted over a
7h sampling period and were always completed between
10:00 and 18:00 CDT to reduce diurnal changes in light and
temperature. Chamber measurements were only made dur-
ing daytime periods; thus, respiration includes heterotrophic
respiration from soil carbon losses and residual photosyn-
thetic respiration. The site has 24 h of light, and photosyn-
thesis (and associated respiration) can occur over the entire
24 h period.

3.4 Environmental variable sampling

Soil temperature loggers (HOBO Pendant Temperature/Light
Data Loggers, Onset Computer Corporation, Bourne, MA,
USA) were installed at randomly selected collars through-
out the study area within 0.5m of the collar. A total of 21
HOBO sensors (14 sensors located in undisturbed tundra and
7 sensors in disturbed tundra) measured soil temperatures at
5cm every minute throughout the sampling season. The soil
temperatures were aggregated into hourly averages to allow
for comparison with hourly EC data. Soil moisture was mea-
sured adjacent to collars every 5 days as volumetric water
content (%) using a time—-domain reflectometry (TDR) sen-
sor (HydroSensell Soil Water TDR, Campbell Scientific Inc.,
Logan, UT, USA) with 12 cm rods. After rain events, mea-
surements were delayed for 24 h.

Biogeosciences, 13, 2291-2303, 2016
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Figure 3. Meteorological conditions during the 2014 growing sea-
son at T2. Height of all instrumentation on the tower was 1 m above
the canopy. Soil temperatures were measured at a depth of —5cm,
and mean temperature is shown for the disturbance (dashed line;
n = 7) and undisturbed tundra (solid line; n = 14). DOY: day of the
year.

4 Results
4.1 Environmental conditions during the study period

The measured variations over the study period in air tem-
perature (T3), net radiation (Q=, over undisturbed tundra),
incoming PAR, and vapour pressure deficit (VPD) measured
at Tower 2 and soil temperature from the disturbance and
undisturbed tundra area near Tower 2 are shown in Fig. 3.
The early season was characterized by clear skies; however,
the middle of July was dominated by a period of cloudy,
cooler conditions (exemplified by decreased Qx, Fig. 3).
Air and soil temperatures showed distinct diurnal and sea-
sonal patterns (Fig. 3; Fig. 4), characterized by an increase in
both temperatures early in the season, which was sustained
through the peak season, followed by decreases in both dur-
ing the end of the season. Three distinct periods (early, peak,
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Figure 4. Ensemble average diurnal course of soil temperatures in
the disturbed and undisturbed sites throughout the season. Early
season: 24 June—4 July; peak season: 5-21 July; end of season: 22—
29 July. Boxes show the 25th and 75th percentiles; dots are the out-
liers; horizontal lines are medians.

and late season) were identified throughout the study period
based on plant phenological development and environmental
conditions (Fig. 3; Fig. 4). These periods varied in their du-
ration (see Table 1). During the measurement period, T3 in-
creased from 10.5°C in the early season (DOY: 175-185) to
12.2°C during the peak of the growing season (DOY: 186-
202) and then decreased to 7.2°C by the end of July. On
a diurnal basis, disturbed soils reached greater temperatures
than undisturbed soils earlier in the season (12.6 and 11.6 °C,
respectively) but cooled off more quickly later in the season
(7.8 and 8.1°C, respectively), due to the lack of insulating
vegetation (Mann Whitney U Test (V = 181992, p <0.01)).
In undisturbed terrain, soil moisture decreased during peak
season, while soil moisture increased steadily in disturbed
tundra (Table 1). Overall, soil moisture values were signifi-
cantly greater (Mann Whitney U Test (V = 7023, p <0.01))
in disturbed soils (24.1% £ 0.9) than in undisturbed soils
(13.9% +0.4).

4.2 NEE of disturbed and undisturbed tundra

The early season was characterized by leaf emergence, cool
temperatures, and elevated soil moisture (Table 1) due to re-
cent snowmelt. The peak season was characterized by max-
imum leaf area and flowering of vegetation and a decrease
in surface soil moisture as warm air temperatures and large
VPD persisted. The late season was characterized by the be-
ginning of leaf senescence, dry soils, and the greatest active
layer depth. Precipitation was minimal throughout the sea-
son (1.2mm at Eureka), with isolated rain events occurring
on 17, 21, and 26 July. There was a significant windstorm
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Table 1. Summary of net ecosystem exchange (NEE), soil temperatures (Soil T') and soil moisture (Soil M) from disturbed (subscript d) and
undisturbed (subscript c) tundra, and air temperature (measured at T2) throughout the growing season.

Variable Early season Peak season End season
DOY 175-185 186-202 203-210
Date 24 June-4 July  5-21 July 22-29 July
NEE.

(pmol m—2s~1)1 0.080 £ 0.03 —0.28+£0.03 —0.015+0.05
NEEq4 0.55+0.03 0.25+0.03 0.58+0.13
(umolm—2s1)2

Air temperature (°C)

Mean (£SE) 10.5+0.17 12.2+0.10 7.2+£0.22
Min/max 5.3/15.0 6.9/16.1 2.0/12.0
Soil T, (°C)3 at 5¢m

Mean (£+SE) 11.6 £0.05 11.94+0.29 8.1+0.05
Min/max 5.4/19.8 6.9/19.8 2.6/16.2
Soil Ty (°C)* at 5¢m

Mean (£+SE) 12.6 +£0.07 11.9+0.04 7.8+0.07
Min/max 6.6/19.1 6.8/19.5 2.1/15.2
Soil Mc (%)°

Mean (£SE) 144+£05 129+04 16.9+£1.0
Min/max 3.4/28.4 1.1/31.6 0.6/34.2
Soil My (%)8

mean (+SE) 205+0.8 248+1.0 305+1.6
min/max 9.7/41.2 4.1/45.4 6.9/44.8

1 NEE average net CO» flux from undisturbed (control) tundra.

2 NEEg: average net CO, flux from disturbed tundra.

3 soil T¢: average soil temperature from undisturbed tundra.

4 Soil Ty: average soil temperature from disturbed tundra.

5 Soil M¢: average soil temperature from undisturbed tundra.
6 Soil My average soil temperature from disturbed tundra.

beginning on 22 July and that lasted 24 h, with wind speeds
(as determined from the raw 20 Hz spikes) of up to 21 ms—1.

NEE. and NEEy were analysed separately for three pe-
riods (early, peak, and late season). In the undisturbed tun-
dra, NEE. was initially a small CO, source in the early pe-
riod and transitioned to a small sink as photosynthesis in-
creased during the peak season. In the late season, NEE,
became a small source consistent with decreased air and
soil temperatures and the beginning of leaf senescence. This
was in contrast with fluxes measured in the disturbed area
(NEEq), which remained a CO3 source throughout the sam-
pling period and displayed only slightly dampened values
during peak season. Overall, NEE; and NEE4q were sig-
nificantly different throughout the sampling period (Mann-
Whitney U Test (V = 45839, p <0.01)).

Aggregate fluxes calculated over the study period showed
an overall loss of CO, from disturbed tundra and a mod-
est CO; sink in the undisturbed tundra (Fig. 6). Daily aver-
ages of NEE. ranged from —0.89 to +0.54gCm~2 day ..

www.biogeosciences.net/13/2291/2016/

NEE4 ranged from —0.29 to +1.63gCm~2day—!. Dur-
ing the early season, the average daily NEE. was a small
source of CO; to the atmosphere (+0.07gCm~2day1),
while disturbed tundra was a greater source of CO, (NEEgq =
+0.55gCm~2day—1). During peak growth, this shifted
as the undisturbed tundra sequestered —0.29 g C m—2 day !
and disturbed tundra continued to emit CO; at an average of
+0.26 gCm~2day. During the end of the sampling sea-
son, the undisturbed tundra was a very small sink of CO»
with mean NEE of —0.02 g Cm~2 day ! and the NEE of the
disturbed tundra was +0.47 gCm~2day 1. Over the dura-
tion of the entire sampling period, the disturbed tundra was
a source of CO,, with an average of +0.39gCm~2day 1,
while the undisturbed tundra was a sink for CO, with an av-
erage uptake of —0.12gCm~—2day~! (Fig. 5). In total, the
undisturbed tundra sequestered 3.8gCm~2, while the dis-
turbed tundra released 12.5gCm~2 over the 32-day mea-
surement period.

Biogeosciences, 13, 2291-2303, 2016
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Figure 5. Ensemble diurnal course of CO, fluxes from the retro-
gressive thaw slump (disturbed) and undisturbed tundra separated
into the three sampling periods: top (early season), middle (peak
season), and bottom (end season). Boxes show the 25th and 75th
percentiles; black circles are outliers; horizontal lines are medians.

Diurnal NEE from the tower systems corresponds with
soil temperatures. In disturbed areas, as soil temperatures
warmed, CO, emissions increased, consistent with increased
respiration. However, fluxes in undisturbed areas showed in-
creased sequestration during midday, due to greater photo-
synthetic activity dominating over respiration increases.

Temporal patterns of fluxes and climatic and environmen-
tal variables were analysed for disturbed and undisturbed ar-
eas. In the disturbed area, regression analysis revealed strong
relationships between NEE and soil temperature, PAR, Ty,
and VPD for the early and peak season periods (p<0.001),
while PAR was the most important control during the late
season (r2 = 0.50, p <0.001). Over the undisturbed tundra,
correlations between NEE and environmental variables var-
ied throughout the sampling period. During the early sea-
son, PAR was most strongly correlated (-2 = 0.16, p<0.001)
with NEE; however, during the peak season temperature
(r2 =0.08, p<0.001) and vapour pressure deficit (VPD)
(r? =0.08, p<0.001) became important controls on NEE.
At the end of the sampling season once again PAR was most
strongly correlated with NEE (r2 = 0.25, p<0.001) in the
undisturbed tundra.

4.3 Partitioning of NEE
Measurements from the static chamber system were allo-

cated to one of the three seasonal periods, allowing compar-
ison with EC data (Fig. 7). The NEE values measured us-
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Figure 6. Average daily net CO» flux for the three sampling periods
as measured by the two EC systems and the net effect for the entire
season.

ing the chamber technique supported the EC measurements
but allowed fluxes to be partitioned into their component
parts. The chamber measurements showed that the magni-
tude of GPP and R, were roughly similar, resulting in min-
imal NEE in both disturbed and undisturbed areas (Table 2;
Fig. 8). Variability in GPP was greater in the undisturbed tun-
dra with values up to 8.03 pmol m—2 s~1, while the maximum
GPP in the disturbed tundra reached 2.47 umolm—2s~1. R,
ranged up to +5.92pumolm=2s~1 in the undisturbed tun-
dra and up to +2.23umolm=2s1 in the disturbed tundra.
Over the sampling season in the disturbed areas, chamber-
measured GPP averaged 0.40 umol m~2s~1, increasing dur-
ing peak season to 0.45pmolm~2s~1 before falling to
0.24 umol m—2s~1 in the late season. Respiration was great-
est during the early season with +0.70 umolm—2s~1, de-
creasing to +0.53 umol m~2s~1 during peak season and fi-
nally to +0.35umolm=2s~1 during the late season. These
opposing fluxes resulted in the disturbed tundra being a small
source for CO; throughout the entire sampling season. NEE
measured by the chamber system varied between +0.05 and
+0.41 umol m~2 s~ in the disturbance with the largest NEE
occurring early in the season due to high respiration. Re was
always greater in magnitude than GPP over disturbed tundra,
resulting in positive NEE values.

The undisturbed areas were small sources of CO, early
in the season as Re outpaced productivity. During the early
season GPP averaged 0.85pumolm~=2s~1, nearly doubling
during peak season to 1.47 umolm—2s~1 before falling to
1.00 pmol m—2s~1 late in the season. Re in the undisturbed
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Table 2. Summary of measurements (mean = SE) from the portable chamber system (in pmolm—2s~1),
Variable  Location Early Peak End Total
DOY 175-185 186-202 203-210
NEE undisturbed 0.25+0.10 -0.33+0.15 -0.37+0.15 -0.14+0.13
disturbed 0.31+0.12 0.07+0.13 0.11+0.07 0.15+0.06
GPP undisturbed  0.85+40.16 1.474+0.26 1.00+0.19 1.194+0.19
disturbed 0.39+0.14 0.45+0.16 0.24 +0.08 0.40 £0.03
Re undisturbed  1.104+0.13 1.144+0.15 0.62 +0.06 1.04+0.12
disturbed 0.70+0.08 0.53+0.10 0.35+0.05 0.55+0.06
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Figure 7. Comparison of NEE measurements from static chamber
(square) and calculated from the two EC systems (circle). Open
symbols represent measurements from undisturbed tundra, while
closed symbols are measurements in the disturbed areas. Measure-
ments were made in 21 collars in each of the disturbed and both
undisturbed footprint areas of the EC towers.

tundra ranged from +0.62 to +1.14 umol m—2s~1, with the
greatest respiration occurring during peak growth. Both GPP
and R, peaked during the middle of the sampling period (mid
July), before decreasing at the end of the season, but GPP was
always greater in magnitude than Re.

5 Discussion

Over the majority of the 2014 growing season (late June and
July), the RTS at our high Arctic site was a CO» source, while
undisturbed tundra was a small sink. All fluxes were quite
low but similar to those measured in other high Arctic sites
(Lafleur et al., 2012). Multi-year measurements of NEE in
high Arctic tundra indicate that the initial uptake of carbon
coincides with snowmelt and increases in CO2 emission rates
correspond with deep and long-lasting snowpack (Lund et
al., 2012). Arctic sites show significant interannual variabil-
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Figure 8. Partitioning of NEE data from static chamber measure-
ments into component fluxes, GPP and Re, for the undisturbed and
disturbed sites. Measurements were made in 21 collars during day-
time hours in each of the disturbed and both undisturbed footprint
areas of the EC towers.

ity, which is controlled by temperature; increased tempera-
tures may result in enhanced emissions (Griffis and Rouse,
2001; Kwon et al., 2006; Merbold et al., 2009; Lund et al.,
2012). In the high Arctic, soil moisture differences result in
variations in ecosystem respiration (measured using chamber
systems) and may enhance the impacts of warming (Welker
et al., 2004). Warming has been found to increase respiration
along a latitudinal gradient with the greatest increases found
in dry ecosystems (Oberbauer et al., 2007).

Based on chamber measurements, we found that per-
mafrost disturbance alters carbon dynamics by decreasing
GPP and Re (Fig. 7). However, reductions in GPP are greater
than reductions in Re, resulting in the disturbance becom-
ing a net carbon source. Decreases in GPP are due to lower
vegetation cover within disturbed terrain. Decreases in res-
piration have been found within slumps and slides and are
linked with carbon export from the disturbed area (Abbott
and Jones, 2015; Beamish et al., 2014). Respiration mea-
sured in other high Arctic polar desert sites was positively
correlated with soil moisture (Emmerton et al., 2015). This
balance between reduced Re as a result of disturbance and
potential increases as a result of increased soil moisture may

Biogeosciences, 13, 2291-2303, 2016



2300

result in the greater magnitude of R relative to GPP and thus
the overall shift to carbon source within the disturbance. Our
chamber study only measured daytime fluxes; thus, reduced
respiration may be due to decreases in plant respiration in
addition to heterotrophic respiration processes.

Despite the small magnitude of these high Arctic fluxes,
there was a considerable effect of the permafrost disturbance
as the net CO, emissions from the disturbance were ap-
proximately 3 times larger than the net sequestration in the
undisturbed tundra. Overall, the double EC system approach
coupled with a source area model proved to be an effec-
tive method of accurately partitioning measured fluxes into
undisturbed and disturbed contributions, and values were
consistent with the static chamber measurements.

By separating the growing season into three periods re-
lated to plant phenology, we were better able to identify dif-
ferences in NEE between undisturbed and disturbed tundra
throughout the sampling period in June and July 2014. Initial
sampling corresponded with leaf emergence, and as the sea-
son progressed, plant growth and leaf area increased, result-
ing in increased photosynthetic activity. The changes in NEE
also corresponded to differences in PAR during the three pe-
riods of the growing season. These phenological changes, es-
pecially in leaf emergence, growth, and senescence, can be
compared to the shift in CO, fluxes as initially the undis-
turbed tundra was a source of CO2, but during peak growth
there was a distinct shift to CO5 sink. By the end of the sam-
pling season, vegetation has begun to senesce, and this was
reflected in reduced sink strength of NEE. in the undisturbed
tundra. The disturbed areas contained low vegetation cover,
resulting in a very low magnitude of GPP. Throughout the
season, the environmental controls on CO» fluxes in the dis-
turbed tundra were PAR, T, and VVPD during the early and
peak season, while PAR was a control in the late season.

Estimates of landscape-level impacts of permafrost dis-
turbances in an 81km? ice-free land area on the Fosheim
Peninsula, which included the area used for our study, were
determined from satellite imagery and ground truthing in
2013. The analyses revealed that permafrost disturbances
currently accounted for 0.34 km? or only 0.4 % of the land-
scape (A. C. A. Rudy, personal communication, 2015). Al-
though the landscape area directly impacted by disturbance
at this time is minimal, indirect impacts such as the lateral
export of dissolved and particulate organic matter (hence,
carbon) through streams and the hydrologic network are
also important (Lamoureux and Lafreniére, 2009; Kokelj and
Lewkowicz, 1998, 1999). The frequency and magnitude of
these land surface disturbances appear to be increasing across
the Fosheim Peninsula (and elsewhere in the Arctic) as a re-
sult of the warming climate, thus exacerbating these impacts
(Lewkowicz, 1990; Lewkowicz and Harris, 2005b; Lantz and
Kokelj, 2008). The increasing frequency and magnitude of
these disturbances will affect the carbon balance on the land-
scape scale and could result in increased net CO2 emissions
from these areas in the future. Organic carbon stored within
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permafrost has the potential to be released to the atmosphere
as permafrost thaws (Schuur et al., 2008; Hicks Pries et al.,
2011, 2013). We quantified this release to the atmosphere and
demonstrated that these permafrost disturbances are sources
of CO3 over the measurement period during the growing sea-
son and are likely sources throughout the year.

Potentially, some of the carbon in the soils could also be
released in the form of methane (Anisimov, 2007; IPCC,
2007; Walter Anthony et al., 2012). Soil oxygen availabil-
ity has been found to influence permafrost carbon that is re-
leased as both carbon dioxide and methane, and under aero-
bic conditions significantly more carbon is released as CO»
than CH4 (Lee et al., 2012). We expect that methane release
was relatively minimal from both the undisturbed and dis-
turbed sites because of the aerobic conditions present in the
moderately drained soils found in our study location. How-
ever, we also expect increased release of carbon with the
deepening of the active layer and the increase in frequency
and magnitude of permafrost disturbances. In addition, inor-
ganic carbon released with the dissolution of carbonates and
weathering may result in the ventilation of CO, and thus in-
creased emissions (Lovett et al., 2006; Perez-Priego et al.,
2013; Serrano-Ortiz et al., 2010). With increasing soil mois-
ture, soil ventilation associated with carbonates may increase
overall Re (Emmerton et al., 2015). However, slow carbon
evolution in tundra soils (as a result of the release of in-
organic carbon from carbonates) would limit this influence
(Billings et al., 1977).

Due to logistical constraints, our sampling period was lim-
ited to approximately 30 days after snowmelt had occurred.
As these disturbances were dynamic in nature, the site could
not be left alone as personnel were needed to monitor the
slide edge location and adjust the equipment as needed.
Leaving the site unmanned would have put the equipment at
risk. Shoulder season and winter respiration have been shown
to be significant in various studies for year-round estimates
of the effects on the carbon cycle (Nordstroem et al., 2001;
Welker et al., 2004; Johansson et al., 2006; Humphreys and
Lafleur, 2011; Wang et al., 2011; Lund et al., 2012); however,
only growing season fluxes were considered in our study.
Starr and Oberbauer (2003) found photosynthetic activity in
vascular plants under snow, further indicating the importance
of fluxes outside the snow-free period. These fluxes were not
considered in our study and could alter the annual carbon
balance. However, year-round measurements of carbon ex-
change in areas impacted by permafrost thaw in Alaska in-
dicate that these areas act as sources of carbon over multiple
years (Mogel et al., 2009).

6 Conclusions
Using a dual EC sampling approach, in combination with

the turbulent source area model and complemented by static
chamber measurements, we were able to determine fluxes
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from one representative retrogressive thaw slump nearly con-
tinuously over the majority of the 2014 growing season. We
found that these disturbances modify the NEE of the tun-
dra, changing it from a net sink to a source of CO,. Based
on daytime flux partitioning, the disturbance reduced the
magnitude of both R, and GPP, although reductions in GPP
were greater. The dual EC approach in combination with the
source area model allowed accurate assessments of the con-
tributions of disturbed and undisturbed areas to CO; fluxes,
so we could quantify the effect of permafrost disturbance
on NEE. This approach may be preferable to measurements
taken using manual portable chamber systems due to the con-
tinuous sampling frequency and spatial integration of the sig-
nal.

The Supplement related to this article is available online
at doi:10.5194/bg-13-2291-2016-supplement.
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