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Increased deep soil respiration detected despite reduced overall
respiration in permafrost peat plateaus following wildfire
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Abstract

Wildfire in boreal permafrost peatlands causes a thickening and warming of the seasonally thawed
active layer, exposing large amounts of soil carbon to microbial processes and potential release as
greenhouse gases. In this study, conducted in the discontinuous permafrost zone of western Canada,
we monitored soil thermal regime and soil respiration throughout the 2016 growing season at an
unburned peat plateau and two nearby peat plateaus that burned 16 and 9 years prior to the study.
Maximum seasonal soil temperature at 40 cm depth was 4 °C warmer in the burned sites, and active
layers were ~90 cm thicker compared to the unburned site. Despite the deeper and warmer seasonally
thawed active layer, we found higher soil respiration in the unburned site during the first half of the
growing season. We partitioned soil respiration into contribution from shallow and deep peat using a
model driven by soil temperatures at 10 and 40 cm depths. Cumulative estimated deep soil respiration
throughout the growing season was four times greater in the burned sites than in the unburned site, 32
and 8 g C m ™~ > respectively. Concurrently, cumulative shallow soil respiration was estimated to be
lower in the burned than unburned site, 49 and 80 g C m ™ respectively, likely due to the removal of
the microbially labile soil carbon in the shallow peat. Differences in deep contribution to soil
respiration were supported by radiocarbon analysis in fall. With effects of wildfire on soil thermal
regime lasting for up to 25 years in these ecosystems, we conclude that increased loss of deep, old, soil
carbon during this period is of similar magnitude as the direct carbon losses from combustion during
wildfire and thus needs to be considered when assessing overall impact of wildfire on carbon cycling in
permafrost peatlands.

1. Introduction through soil respiration (Schuur et al 2015). Northern

permafrost peatlands store globally significant quan-

Climate change and associated landscape disturbances
are leading to widespread thawing of permafrost as
observed from the increase in thickness of the active
layer (AL), i.e. the surficial soil layer that thaws and
refreezes each year (Viereck et al 2008, Brown et al
2015, Olefeldt et al 2016, Gibson et al 2018). Perma-
frost thaw exposes previously frozen soil organic
carbon to decomposition potentially increasing the
release of carbon dioxide (CO,) to the atmosphere

tities of soil organic carbon (Hugelius et al 2014) which
are largely unavailable to microbial activity while
frozen. Peat plateaus are a widespread type of perma-
frost peatland in the discontinuous permafrost zone of
western Canada. In this region, peatland complexes
are a mosaic of permafrost peat plateaus, and
non-permafrost channel fens and thermokarst bogs
(Quinton et al 2003), with peat plateaus often covering
40%—-60% of the landscape. Peat plateaus commonly

©2019 The Author(s). Published by IOP Publishing Ltd
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have peat depths of 2—6m, active layer depths of
approximately 55 cm, and the peat surface is elevated
1-2 m above their surroundings due to excess ground
ice (Zoltai 1993, Robinson and Moore 2000, Quinton
et al 2003). Because peat plateaus are elevated above
their surroundings, their thawed soil layers are gen-
erally drained and unsaturated, and thus decomposi-
tion occurs under aerobic, but cool, conditions. A
thickening and warming of the active layer, particu-
larly in response to disturbances such as wildfire, could
thus lead to rapidly increasing rates of soil respiration,
yet there is a dearth of in situ measurements of soil
respiration in disturbed peat plateaus.

Wildfire is an integral component of northern
boreal ecosystems. Wildfires burn over 1500 km’
annually in western Canadian peatlands, and releases
an estimated ~6 Tg carbon to the atmosphere through
combustion (Turetsky et al 2004). Climate change is
likely to further increase fire frequency (Flannigan et al
2013), and in the last 30 years more than 25% of per-
mafrost peat plateaus in the discontinuous permafrost
zone of Boreal Western Canada have burned (Gibson
et al 2018). Wildfire leads to soil warming and AL
thickening (Yoshikawa et al 2002, Viereck et al 2008,
Rocha and Shaver 2011, Nossov et al 2013, Brown et al
2015, Gibson et al 2018). The most pronounced effect
on soil temperatures and AL thickening in peat pla-
teaus in Boreal Western Canada is shown to occur
10-25 years post fire with AL increasing from 55
to >150 cm and maximum soil temperatures at 40 cm
depth increase from 4 °C to 11 °C (Connon et al 2018,
Gibson et al 2018). Wildfire also contributes to the
development of taliks, soil layers between the perma-
frost and the seasonally frozen layer that remained
unfrozen throughout the year (Gibson et al 2018).
While the pulse of carbon released to the atmosphere
through combustion has been studied and assessed in
terms of magnitude (Walker et al 2018), the relevance
of potential soil carbon losses through respiration due
to warming and thickening of the AL in peat plateaus
following wildfire remains poorly quantified.

Soil temperature is a key driver of soil respiration
(Davidson and Janssens 2006). The response of soil
respiration to temperature in situ is often evaluated
using a single soil temperature near the surface (e.g.
Lafleur et al 2005) that usually accounts for the major-
ity of the variability in soil respiration rates (e.g.
Chivers et al 2009). Using temperature measured close
to the soil surface to model total soil respiration is
often appropriate since a majority of the labile soil car-
bon is stored near the surface and thus accounts for a
large proportion of the overall CO, release in compar-
ison with colder and more decomposed deeper soil
carbon (Estop-Aragonés and Blodau 2012). Addition-
ally, non-permafrost peatlands usually only have a
shallow oxic layer above the water table, and thus dee-
per layers are commonly anoxic, which further redu-
ces the respiration rate of deep peat. However, peat
plateaus are elevated relative to their surrounding
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where they drain and thus have a thicker oxic active
layer (Quinton et al 2003). In fire-disturbed sites
where thicker AL develops, the relative contributions
of deep peat layers to soil respiration likely increases
due to a thicker oxic layer. Also, given that the labile
peat near the surface is partly removed during wildfire
through combustion, deep peat layers may be expec-
ted to have a greater relative a contribution to soil
respiration. Shallow and deep peat soil temperatures
in peat plateaus differ both with regards to annual
averages, seasonal amplitude, and seasonal lag to air
temperature (Gibson et al 2018). Therefore, we hypo-
thesized that using soil temperatures from multiple
depths would improve our model of soil respiration.
Using more than a single depth of soil temperature
would also allow us to partition soil respiration into
shallow and deep components to test whether deep peat
layers of fire-disturbed sites contribute more to total
soil respiration.

The contributions of deep (older) versus shallow
(younger) peat to soil CO, fluxes are typically
determined using radiocarbon ('*C) measurements
(Trumbore 2006). The *C content of respired CO, is
indicative of the time since atmospheric CO, was fixed
by plants from the atmosphere and was transferred to
soil organic carbon. Soil respiration '*C measure-
ments have been increasingly used in disturbed per-
mafrost ecosystems to estimate release rates of old,
previously frozen carbon currently being added to the
global carbon cycle (Schuur et al 2008, Czimczik and
Welker 2010, Pries etal 2013).

In this study we use in situ measurements to exam-
ine the effect of wildfire on post fire soil respiration
from sites that burned 9 and 16 years ago compared
with nearby unburned site to (1) quantify and
compare soil respiration from burned and unburned
peat plateaus, (2) determine whether including more
than one soil temperature depth improves models of
soil respiration and partitioning of soil respiration,
and (3) compare estimates of deep carbon respiration
using '*C measurements of CO,, with those from
modeling based on multiple depths of soil temper-
ature, as radiocarbon measurements are expensive and
thus alternate methods for estimating old C release is
of high interest. Our results will allow us to assess the
impact of wildfire on the vulnerability of deeper, older
carbon to release to the atmosphere, and as such pro-
vide key insights into our understanding of interac-
tions between climate change, disturbances and
carbon cycling in permafrost ecosystems.

2. Methods

2.1.Study area

This study was conducted in 2016 in two burned and
one unburned peat plateau near Lutose, AB (59°
29’4 N, 117°10°43 W). The sites are located within the
discontinuous permafrost zone (Zhang et al 1999) of
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obtained online https://zoom.earth.

Figure 1. Study locations in the discontinuous permafrost zone in Western Boreal Canada. Peatland complexes within the Western
Boreal Canada are a mosaic of treed peatland plateaus elevated 1-2 m relative to open, permafrost free thermokarst bogs. Study sites
included two burned permafrost peat plateaus during the summers of 2000 and 2007, and one unburned site. GeoEye satellite image
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Western Boreal Canada (figure 1). The two burned
sites were affected by wildfire in 2000 (1472 ha) and
2007 (2245 ha), respectively (Canadian National Fire
Database 2017), while the unburned site had no record
or indications of any fires within at least the last
60 years (figure 1). Unlike surrounding bogs and fens, the
permafrost peat plateaus in this study region have
permafrost which elevates the surface by frost heave and
support an open canopy black spruce (Picea mariana)
forest. The permafrost is shallow and only reaches a few
meters into the mineral soils that underlie the peat
deposits (Zoltai 1993). Vegetation within the unburned
site was dominated by black spruce 2.3 £+ 1.9 m tall and
an understory of predominantly Rhododendron groenlan-
dicum, Vaccinimum vitis-idaea, and Vaccinium uligino-
sum. Vegetation in the burned sites were dominated by
Rhododendron groenlandicum and sparse cover of <1 m
tall black spruce trees. Nonvascular vegetation ground
cover in the unburned site was 80% lichen (Cladonia
rangiferina), with the remainder being Sphagnum mosses
and feather mosses. Burned sites had little to no recovery
of nonvascular vegetation with 95%—100% of the ground-
cover being bare, charred soil. The unburned site had a
thaw depth of ~50 cm at the end of the season (i.e. active
layer), while the burned sites had thaw depths greater than
150 cm (Gibson et al 2018). Given that the burned site
displayed similar pre-fire stand densities (Gibson et al
2018) as the unburned site and the sites were within five
kilometers of each other, we assumed sites had similar soil
properties and thermal regimes prior to the fires.

We estimate that <4 cm of surficial peat was com-
busted during the two fires based on a comparison of
peat stratigraphy. In the unburned site we found at sev-
eral locations that there was a pronounced shift in peat

type at ~4 cm depth: from a buried Sphagnum peat to
root dominated silvic peat at the surface. This shift marks
the transition into a mature peat plateau. We similarly
found this transition still present at several locations in
the two burned sites, suggesting that the wildfires had not
combusted the thin, near-surface layers of silvic peat.

2.2. Measurements: soil respiration, soil
temperature, and soil moisture

Soil heterotrophic respiration fluxes were measured
biweekly during the 2016 summer (23 May-11 Octo-
ber) using static chambers (diameter = 0.4 m). Col-
lars were installed to a depth of 10 ¢cm in six locations
within a 300 x 300 m plot in each peat plateau. We
selected locations for soil collars and temperature
loggers avoiding strong microtopographic features
(i.e. pronounced hollows and hummocks) given their
specific soil thermal regimes (Wright et al 2009). Our
peat plateau sites had relatively little microtopography;
hummocks covered 8% of the 300 x 300 m plotin the
unburned site and 5% and 14% in the 2000 and 2007
burn sites, respectively. Pronounced hollows were
absent in the burned sites and covered <7% of the
unburned site. In the unburned site, collars were
installed in lichen areas that had no or minimal
presence of vascular vegetation. In the 2000 and 2007
burned sites, collars were installed in areas that were
presumed to have had a lichen cover pre-fire but were
now charred. Overall, collar had very little or no
vegetation apart from lichens, when present. Both the
burned and unburned sites had relatively dense shrub
layer, and we did not exclude roots below ~10 cm
(base of collar). Flux measurements started two weeks
after collar installation, to allow for any effects of



https://zoom.earth

10P Publishing

Environ. Res. Lett. 14 (2019) 125001

disturbance associated with collar insertion to be
minimized. We used opaque PVC chambers
(volume = 37.71), sealed with adhesive tape to the
collars during the measurement, and monitored air
temperature inside the chamber during measurements
(Thermoworks, American Fork, UT, USA). Headspace
CO, concentration was recorded every 1.6s for
2-3 min using an EGM-4 portable infrared gas analy-
zer (EGM-4, PP Systems, Amesbury, MA, USA). The
CO,; flux rate was calculated as the slope of the linear
relationship between headspace CO, concentrations
and time. We excluded any slopes with R* < 0.8,
which accounted for less than 3% of measurements.

Air and soil temperatures were measured from
May 2016 through July 2017 using temperature log-
gers, recording data every two hours. Soil temperature
loggers (Pendant HoboProV2, Onset Corp.) were
installed in the soil profile at 10 and 40 cm depth in
two locations at each site. Air temperature was mea-
sured using a temperature logger 1 m above the
ground shielded from direct sunlight. Soil tempera-
tures from the two loggers were averaged for a given
depth at each site to create a single site temperature
record. During times of sensor failure due to wildlife
disturbance (July in the 2000 burn site), only data from
the working logger was used. Additional soil temper-
ature measurements were performed at soil respira-
tion locations at 5, 10, and 40 cm depth using a
handheld thermometer (Thermoworks, American
Fork, UT, USA) during CO, flux measurements.
Handheld thermometers for 40 cm depth were una-
vailable in early May and data from the soil temper-
ature loggers at 40 cm was used instead. A comparison
between data from handheld thermometers and log-
gers at 40cm showed no significant difference
between methods (¢t = 0.92, p < 0.05, t-test). Soil
moisture was measured for the 0-5 interval in four
locations adjacent to the collar using a Delta-T HH2
portable soil moisture meter (Delta, United King-
dom). Unlike permafrost-free bogs where soil moist-
ure changes with depth (O’Neill 2002), permafrost
peatlands have an elevated surface with a deep water
table (Quinton et al 2003). Given this, water content at
depth in peat plateaus is relatively constant and in gen-
eral CO, production is most sensitive to changes in
moisture in the uppermost portions of the peat profile
(Lafleur et al 2005).

2.3. Statistical analysis and modeling of soil
respiration

Soil temperature and moisture measurements at the
locations of soil respiration (spot measurements) were
averaged for each measurement day at each site. The
daily site average for both of these variables did not
differ between the 2000 and 2007 burn sites (p > 0.05,
paired ¢-test). The lme4 package (Bates et al 2015) in R
(R Core Team 2014) was used for mixed-effects
modeling to determine differences in soil respiration

P Letters

between unburned and burned sites with site and
collar ID as random effects. Site (either 2000 or 2007
burn scar) was used as a random effect and was found
to be non-significant. Therefore, we combined data
from the two burned (2000 and 2007) with a total of 12
collars and compared it to one unburned site with six
collars. Differences in soil respiration rates between
the combined burned sites and the unburned site was
assessed using a repeated measures ANOVA.

To determine if persistent differences in soil
moisture were due to microtopography we used a
mixed effects model with fixed effects of temperature
at 10 and 40 cm below the ground surface and soil
moisture. Collar ID and site were treated as random
effects to determine if persistent differences in soil
moisture due to microtopography (Kettridge et al
2012) were a significant predictor of respiration. Soil
moisture was not found to be a significant predictor of
respiration (p > 0.05, mixed effect model). Therefore,
given that soil moisture did not differ between sites
and was a non-significant predictor of respiration,
only soil temperature at 10 and 40 cm was used to
model respiration over the growing season.

We examined the temperature dependence of eco-
system respiration using nonlinear least square regres-
sion during the growing season using the following
soil temperature models, which include either one- or
two-depth soil temperatures:

R=1(a x Qlo(l%) X B) + (b x Qm(l%) x U) (1)

R = (a x Qlo(%) X B) 4+ (b x Qw(%) x U)
2
R = (a x QIO(%) X B) + (b x Q1o(%) x U)
3
R=[(a x Qlo(l%) + ¢ X QIO(%O)) x B)]

T Tao

10 x @ali) 1 dx ol 6y x vy @

To Tao

R = [(a x Qlo(lo) + ¢ X QIO(W)) x B)]
Tio Ty

+ [(b X Qlo(“’) +d x QIO(IO)) x U)l,
(€)

where R is the rate of soil respiration (zzmol C m s h
and a-d are parameters that represent the rate of
respiration (umol C m™2 s~ ') at 0°C which is
associated with the depth at either 5, 10, or 40 cm as
indicated by the specific equation. We assumed the
temperature sensitivity, Q, would be the same for
burned and unburned sites as well as for shallow and
deep soil respiration, and Ts, Ty, and Ty, are the soil
temperature (°C) from handheld thermometer mea-
surements at 5, 10, and 40 cm depth. We used dummy
variables, B (burned site) and U (unburned site), of
either 1 or 0 in order to run the model on the entire
dataset. The a, b, ¢ d, and Q,, parameters were
estimated using nonlinear least squares (nls) package in

4
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Figure 2. Soil temperature during growing season (1 June—15 September 2016) at (a) 10 cm and (b) 40 cm depth in burned and
unburned peat plateaus as measured using a hand held thermometer (spot measurements) and soil temperature loggers (continuous
measurements). Panel (c) Seasonal thaw depths (cm) and talik coverage (%) based measurements and definition from Gibson et al
(2018).

R (Bates 1992). The Akaike information criterion (AIC)
was used to determine the most parsimonious model
and to compare models.

Models based on equations (4) and (5) used two
soil temperatures, which allowed us to partition
respiration into a shallow and deep component. The
contribution of deep respiration during the growing
season was calculated dividing either the ¢ x Q\140/10)
in the burned site or the d x Q{%**/'?in the unburned
site by total soil respiration (R).

Cumulative soil respiration over the growing sea-
son (1 June—15 September) was calculated using the
most parsimonious model with input of continuous
data from the soil temperature loggers. A comparison
between hand held thermometers and continuous soil
temperature logger data at 10 cm and 40 cm showed
no significant difference between methods (t = 0.92,
p < 0.05, t-test). Therefore, we applied our model to
the continuous soil temperature records. Model coef-
ficients plus standard error were used for statistical
bootstrapping with 300 iterations to determine an
instantaneous flux rate and its uncertainty for each 2 h
interval. The instantaneous rates were then used to
calculate cumulative respiration over the growing

season at both the unburned and burned sites (1 June—
15 September 2016).

3. Results

3.1. Soil temperature and active layer depth

Spot soil temperatures during the 2016 growing season
were significantly warmer in the burned (pooled 2000
and 2007 data) compared to the unburned both at
10 cm (f = 2.705, p < 0.0001, paired t-test) and at
40 cm (t = 5.414, p < 0.05, paired #-test). However,
there was no difference in soil temperature between
sites at 5 cm (p < 0.05). The maximum differences in
soil temperature between sites occurred during the
mid-season when the burned soils were more than
2°C and 4 °C warmer at 10 and 40 cm, respectively
(figures 2(a) and (b)). Late in the growing season
(September measurements), temperatures were simi-
lar between burned and unburned sites at 10 cm but
soil was still approximately 3 °C warmer in the burned
site at 40 cm (figure 2(b)). Late in the growing season
the difference in the depth of the seasonally thawed
layer and the proportion of taliks was the greatest, with
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Figure 3. Soil respiration (umol C m™~* s~ ") from burned (in 2007 and 2000) and unburned peat plateaus sites in Boreal Western
Canada (a) throughout the growing season and (b) its relationship to soil temperature at 10 cm. Panel (b) shows the average rate of soil
respiration for collars within burned and unburned sites during each sampling occasion. Note the difference in soil respiration
between sites during early growing season, and its convergence during the late growing season which caused different hysteretic
relation between respiration and soil temperature at 10 cm.

both measures being greater in the burned site
(Gibson et al 2018) (figure 2(c)).

3.2. Soil respiration

Soil respiration was significantly higher in the
unburned site than in the burned sites throughout the
growing season (F = 11.42, p < 0.05, Repeated Mea-
sures ANOVA). Both the burned and unburned sites
had clear seasonal patterns , peaking towards July and
August (figure 3(a)). However, there were differences
between the unburned and burned sites, the greatest of
which were from June until August, although
they converged again in September and October,
(figure 3(a)). The relationship between soil temper-
ature at 10 cm depth and soil respiration had opposing
hysteresis patterns, with the unburned sites having
relatively lower rates of respiration in fall compared to
spring at similar temperatures, while the opposite was
found for the burned site (figure 3(b)). This relation-
ship between soil temperature at 10 cm depth and soil
respiration indicated distinct patterns of soil respira-
tion between the sites, with the burned sites having
relatively higher respiration late in the growing season
(fall) in comparison to early summer.

3.3.Models of soil respiration

The most parsimonious model based on the AIC used
two soil temperatures, at 10 and 40 cm (equation (5)).
The model which used one soil temperature at 10 cm
(equation (2), table 1) had an AIC value which was
close to the two-temperature model, and should thus
be considered to have almost equal power to model
soil respiration (Burnham and Anderson 2004). How-
ever, given our objective of partitioning soil respira-
tion into a shallow and deep contribution, we only
report the estimated temperature sensitivity (Q;,) and
a—d parameters (respiration at 0 °C for shallow and

Table 1. Modeled equations for burned and unburned sites,
arranged in order of decreasing model fit based on Akaike
information criterion (AIC).

Soil temperature depths used in

Model the model R? AIC

Equation (5) 10and 40 cm 090 —34.21
Equation (2) 10 cm 0.88 —33.61
Equation (4) 5and 40 cm 0.88 —28.19
Equation (1) 5cm 0.79 —16.40
Equation (3) 40 cm 0.70 —5.65

deep soil respiration) for equation (5) (table 2). In
order to estimate seasonal respiration, we applied
these coefficients at equation (5) to the continuous
record of soil temperatures at 10 and 40 cm from the
burned and the unburned sites. There was good
agreement between modeled and measured soil
respiration (figure 4, burn: R*=0.79, unburned:
R*=0.71), yielding confidence in the use of contin-
uous soil temperature data for estimating seasonal
respiration.

3.4. Partitioning of soil respiration into a shallow
and deep component

Using the two-depth temperature model (equation (5))
we partitioned soil respiration and estimated the
contributions of the CO, flux derived from a shallow
and deep component, i.e. soil respiration driven by
temperatures at either 10 cm depth or at 40 cm depth,
respectively. The proportion of soil respiration asso-
ciated with the deep component was overall greater in
the burned sites where it increased from ~35% early in
the growing season to ~55% in late fall. This is in
contrast to the unburned site where the contribution
of deep respiration was lower and only increased, from
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Julian Date

measured fluxes and plots alonga 1:1 line.

Figure 4. Comparisons of measured soil respiration during the growing season (1 June 1—15 September) and modeled soil respiration
using the continuous soil temperatures from the soil temperature loggers in (a) the 2000 and 2007 burn sites and (b) the unburned site.
Modeled data is based on equation (5) using soil temperatures at 10 and 40 cm and parameters in table 2. Inset compares modeled to
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Figure 5. Contribution of deep respiration to total soil respiration in the burned and unburned sites using the two-depth temperature
model (circles and triangles, equation (5)) and '*C measurements of respired CO, (diamonds and squares, see Estop-Aragonés

et al 2018b). Both approaches showed greater contribution from deep soils in the burned sites. Burned sites had a marked increase in
the contributions of deep respiration during the growing season in comparison to the unburned site based on the two-depth

Table 2. Coefficients (1 SE) for parameters of the most parsimonious model (equation (5)) estimating soil respiration in peat plateaus

during the growing season.

Parameter

Coefficient

Q —Temperature dependence of soil respiration
a—Shallow soil respiration at 0 °C, burned site
b—-Shallow soil respiration at 0 °C, unburned site
c—Deep soil respiration 0 °C, burned site
d—Deep soil respiration 0 °C, unburned site

2.56 =+ 0.31 (unitless)

0.14 + 0.05 umolCm 257!
0.14 + 0.06 pmolCm 25"
0.30 % 0.08 umol Cm ?s™!
0.05 + 0.09 pmolCm 25!

~9% of total respiration early in the growing season to
~14% in late fall (figure 5).

Independent estimates of the contribution of deep
respiration were obtained through radiocarbon mea-
surements at the same burned site (Estop-Aragonés
et al 2018b) which were compared to those from the

two-temperature model approach. To this aim, we
used an age of 1000 years before present for deep peat
sources at ~40 cm based on interpolation between '*C
dated layers and used it to estimate the contribution of
this deep source to '*C measurements of respired CO,
(Estop-Aragonés et al 2018b). While the estimates of
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Figure 6. Cumulative growing season soil respiration (1 June-15 September 2016) from burned (bottom line in (a) and top line in
(b) and unburned peat plateaus partitioned into shallow and deep respiration using equation (5) with upper and lower bounds based
on predicted coefficients (table 2). Panel (a) Cumulative shallow respiration (respiration driven by temperatures at 10 cm). Panel
(b) Cumulative carbon deep respiration (respiration driven by temperatures at 40 cm).

both approaches are not directly comparable, the shal-
low and deep components were obtained from similar
soil interval depths in each approach and thus, their
comparison provides indirect evidence to examine the
reliability of the two-temperature model approach.
The site differences we report here are in agreement
with the observations using '*C measurements of
respired CO, in fall at the same sites (figure 5).

We used the two-depth temperature model
(equation (5)) to estimate cumulative soil respiration
and associated cumulative shallow and deep respira-
tion during the growing season (figure 6). The esti-
mated cumulative soil respiration was slightly, yet
insignificantly, greater in the unburned site compared
to the burned site during the growing season (88.31,
95% CI [8.87,168.51] g C m 2 versus 81.36, 95% CI
[24.53,146.93] g Cm™ *). However, the sources of such
cumulative values were clearly different between sites.
Deep respiration (driven by soil temperature data at
40 cm) contributed substantially in the burned sites
with a cumulative loss of 32.1, 95% CI [9.9, 60.4] g C
m~ > compared to the unburned site with a cumulative
loss 0f8.1,95% CI [0,40.6] g C m 2 (figure 6(b)). This
represents nearly four times more soil carbon respired
from deep layers in the burned compared to the
unburned sites by the end of the season.

4. Discussion

Despite wildfires having impacted ~25% of perma-
frost peatlands in the last 30 years (Gibson et al 2018),
there is very limited data on the impacts of wildfire on
soil respiration and on the mobilization of old carbon
sources in these ecosystems (Estop-Aragonés et al
2018b). Given their widespread coverage and frequent
disturbance by wildfire, even a small proportional
change on soil respiration, and its sources, could be
important for determining regional soil carbon

balance. Wildfire decreased overall soil respiration in
our study sites. This decrease was found despite
warmer post-fire soils. Wildfires have a large impact
on the soil thermal regime, (e.g. O’Neill et al 2006,
Gibson et al 2018) potentially affecting and the large
carbon stocks in boreal peatlands (Hugelius et al
2014). Our results suggests that wildfire’s effects on
soil respiration are mediated by not only the quantity
of soil organic matter available, but also other factors,
such as the quality of this material.

We also found that both the unburned and burned
peat plateaus had relatively low rates of soil respiration
compared to other northern sites, including black
spruce stands (O’Neill et al 2006), treed bogs (Lund
et al 2010), and drained peatlands (Minkkinen et al
2007). This difference could be due to a combination
of factors, such as lower soil temperatures (dry peat
insulates the soil temperature (Kettridge et al 2012)) or
reduced autotrophic respiration (Heinemeyer et al
2011). Our results may be representative for sites that
have thick organic horizons with more than 2 m of
peat, which is common in peat plateaus in Boreal Wes-
tern Canada. In shallow peatlands, where fire would
burn off the majority of the peat stock, the results
could be different, as the influence of fire on total car-
bon stocks would be greater.

Soil respiration is generally modeled using a single
temperature at a shallow depth. Single depth models
may be sufficient in other boreal ecosystems, either
where there is a small amount of soil organic carbon
below the near-surface layer or in peatlands where the
bulk of soil organic carbon at depth is water logged
and, therefore, anoxic (Chivers et al 2009). In contrast,
the permafrost peat plateaus studied here have thick
oxic layers and relatively stable soil moisture at the
surface. Furthermore, they have relatively low rates of
autotrophic (plant and root) respiration meaning the
majority of carbon emitted from the ecosystems is due
to heterotrophic respiration. Given these unique
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characteristics of these permafrost peatlands, we
hypothesized that using a two-temperature model that
uses both shallow and deep temperatures would better
predict soil respiration. In addition, this method
would allow it to be partitioned into shallow and deep
contributions. Our model assumed that Q,, does not
vary between depths or between burned and
unburned sites. Using a common Qo among sites and
layers standardizes the temperature sensitivity of our
peats to respiration. Because decomposed organic
matter is expected to have a greater temperature sensi-
tivity (Bosatta and Agren 1999) and thus a higher Q,
we feel that standardizing our Qo values between sites
can be considered conservative. In addition, deter-
mining difference in Q;, among sites would have
required an incubation study in order to remove
cofounding factors, which was beyond the scope of
this study.

The partitioning of the soil respiration indicated
that shallow soil respiration was significantly lower in
the burned peat plateau compared to the unburned
peat plateau. By the end of the growing season, respira-
tion from shallow depths accounted for 86% of total
soil respiration in the unburned site, but just 45% in
burned sites—despite similar rates of overall soil
respiration (figure 6). Though we cannot determine
which mechanism is dominant, there are likely two
main causes of this lower shallow respiration: the loss
of a labile surface peat layer through combustion and
decreased root respiration. During a fire event, some
surface peat is combusted (Turetsky et al 2011). This
peat contains the recent inputs of fresh, labile carbon
that exhibits higher turnover rates, as opposed to car-
bon at depth that is more recalcitrant (Knorr et al
2010). Additionally, recent work by Whitman et al
(2018) showed that fire occurrence and severity can
influence microbial community composition, which
in turn influences the rate of decomposition.

Our findings of increased deep respiration based
on the two-temperature model were consistent with a
radiocarbon study done at the same sites (Estop-
Aragonés et al 2018b). The radiocarbon estimates
show a lower percentage of contribution from old peat
as compared to this study’s two temperature
approach. This offset is likely due differences in the
definition of shallow/young and deep/old respiration.
Nonetheless, both approaches were consistent in
showing a greater contribution from deep/aged soil
carbon to total respiration in the burned site com-
pared to the unburned site (figure 5).

At our study sites, increased deep soil respiration
following wildfire was associated with deeper season-
ally thawed soil layers and higher soil temperatures.
These results are consistent with radiocarbon results
from tussock tundra ecosystems (Nowinski et al 2010),
polygonal landscapes (Vaughn and Torn 2018), and
arctic tundra (Czimczik and Welker 2010), all of which
show a deepening of the seasonally thawed layer being
associated with a great contribution from old carbon

P Letters

pools to overall respiration. Our modeled results dur-
ing the growing season from the studied peat plateaus
indicate that cumulative respiration of deep sources
increased following disturbance from ~8 (unburned
site) to ~32gC m ™2 (burned site). This increase of
more than 20 g C m™ 2 is equivalent to nearly two times
the long-term accumulation of peat plateaus (Treat
et al 2016) despite only being for the period from June
to September. If we extrapolate these rates out
25 years, it means an additional ~500 g C m™~* of deep
soil carbon could be released to the atmosphere fol-
lowing fire. This value is also potentially conservative
value as it does not include the potential higher temp-
erature sensitivity of deep organic matter or winter
respiration. Soil respiration during the winter likely
represents an important fraction of annual respira-
tion, especially in burned peat plateaus given their
widespread talik coverage (Connon et al 2018, Gibson
et al 2018). Indeed, our model shows higher contribu-
tions of deep respiration contributions in the early sea-
son (May-June) when such taliks are present (June
values in the burned site in figure 5). Thus, long term
carbon accumulation rates in peat plateau may be low
not only due to combustion losses during the fires,
which are of high frequency (Robinson and
Moore 2000), but also due to a high rate of carbon loss
by decomposition in the years following fire.

Wildfires in peatlands contribute to a large pulse
event of carbon to the atmosphere during burning
(Turetsky et al 2004). The total carbon loss in black
spruce stands due to combustion was estimated at
3.5kg C m™* in black spruce stands across the region
(Walker et al 2018). The effect of fire on permafrost
peatlands following AL thickening could be even
greater when considering the enhanced respiration
from depth that we document in this study. Wildfire
may also trigger accelerated thermokarst development
(Gibson et al 2018), which, due to anoxic conditions,
can slow the respiration of deep, aged soil carbon
(Estop-Aragonés et al 2018b). Thermokarst areas also
experience increased peat accumulation rates (Cooper
et al 2017, Jones et al 2017, Pelletier et al 2017, Estop-
Aragonés et al 2018a), also offsetting any carbon losses.
Therefore, the impacts of wildfire on carbon losses
also depends highly on landscape transformations
associated with thermokarst and to what degree wild-
fire accelerates thermokarst.

5. Conclusion

Changes in the frequency and severity of wildfires in
northern boreal forests as a result of climate change,
are causing widespread permafrost thaw (Gibson et al
2018) and affecting the carbon cycle in these environ-
ments (Schuur et al 2015). Our study shows that when
permafrost peat plateaus undergo fire, and subsequent
active layer deepening, total soil respiration does not
increase in the years to decades following fire, but the
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source of the carbon does change. We found a
substantially greater contribution to soil respiration
from deep carbon in the burned site compared to the
unburned site likely due to a combination of the loss of
the surface labile carbon pools in unburned sites and
increased deeper soil temperatures (and increased
active layer thickness) stimulating old soil carbon
decomposition. Loss of old soil carbon is of high
consequence as it may represent a net carbon additions
to the contemporary carbon cycle. Ultimately, wildfire
is increasing losses of old soil carbon previously stored
in permafrost when these systems follow active layer
thickening. The soil thermal regime of burned peat
plateaus may also be representative of the soil thermal
regime of unburned sites under climate warming. In
such case, the gradual warming of peat plateaus would
similarly thicken the active layer enhancing deep soil
carbon respiration.

Acknowledgments

We thank Liam Heffernan, Katheryn Burd, McKenzie
Kuhn, Michael Barbeau and Jessi Steinke for assistance
with field work. An additional thank you to Kristen
Manies for her thoughtful comments and help with
the manuscript. We greatly acknowledge financial
support for the research from the following sources:
National Science and Engineering Research Council
Discovery grant (RGPIN-2016-04688), the Campus
Alberta Innovates Program, the University of Alberta
Northern Research Awards, and the Northern Scien-
tific Training Program.

Data availability

The data supporting the findings of this study are
openly available at https://dataverse.harvard.edu/
dataverse/ERL2019.

ORCID iDs

Carolyn M Gibson
5227-5303
Cristian Estop-Aragonés
0003-3231-9967

https:/orcid.org/0000-0001-

https://orcid.org/0000-

References

Bates B 1992 Improved methodology for parameter inference in
nonlinear, hydrologic regression models Water Resour. Res.
28 89-97

Bates D, Maechler M, Bolker B and Walker S 2015 Fitting linear
mixed-effects models using Ime4 J. Stat. Softw. 67 1-48

Bosatta E and Agren G 11999 Soil organic matter quality interpreted
thermodynamically Soil Biol. Biochem. 31 1889-91

Brown D RN, Jorgenson M T, Douglas T A, Romanovsky V E,
Kielland K, Hiemstra C, Euskirchen E S and Ruess RW 2015
Interactive effects of wildfire and climate on permafrost
degradation in Alaskan lowland forests J. Geophys. Res. 120
1619-37

P Letters

Burnham K and Anderson D R 2004 Multimodel inference:
understanding AIC and BIC in model selection Sociol.
Method Res. 33 261-304

Chivers M R, Turetsky M R, Waddington ] M, Harden J W and
McGuire A D 2009 Effects of experimental water table and
temperature manipulations on ecosystem CO, fluxes in an
Alaskan rich fen Ecosystems 12 1329-42

Connon R, Devoie E, Hayashi M, Veness T and Quinton W 2018
The influence of shallow taliks on permafrost thaw and active
layer dynamics in subarctic canada J. Geophys. Res. Ear. 123
281-97

Cooper M D A et al 2017 Limited contribution of permafrost carbon
to methane release from thawing peatlands Nat. Clim. Change
7507-11

Czimczik CTand Welker ] M 2010 Radiocarbon content of CO,
respired from high arctic Tundra in Northwest Greenland
Arct. Antarct. Alp. Res. 42 34250

Davidson E A and Janssens I A 2006 Temperature sensitivity of soil
carbon decomposition and feedbacks to climate change
Nature 440 165-73

Estop-Aragonés C and Blodau C 2012 Effects of experimental drying
intensity and duration on respiration and methane
production recovery in fen peat incubations Soil Biol.
Biochem. 47 1-9

Estop-Aragonés C, Czimczik C1, Heffernan L, Gibson C,

Walker J C, Xu X and Olefeldt D 2018b Respiration of aged
soil carbon during fall in permafrost peatlands enhanced by
active layer deepening following wildfire but limited
following thermokarst Environ. Res. Lett. 13 085002

Estop-Aragonés C et al 2018a Limited release of previously-frozen C
and increased new peat formation after thaw in permafrost
peatlands Soil Biol. Biochem. 118 115-29

Flannigan M, Cantin A S, De Groot W ], Wotton M, Newbery A and
Gowman L M 2013 Global wildland fire season severity in the
21st century For. Ecol. Manage. 294 54—61

Gibson CM, Chasmer L E, Thompson D K, Quinton W L,
Flannigan M D and Olefeldt D 2018 Wildfire as a major driver
of recent permafrost thaw in boreal peatlands Nat. Commun.
93041

Heinemeyer A, DiBene C, Lloyd A R, Tortorella D, Baxter R,
Huntley B, Gelsomino A and Ineson P 2011 Soil respiration:
implications of the plant-soil continuum and respiration
chamber collar-insertion depth on measurement and
modelling of soil CO, efflux rates in three ecosystems Eur. J.
Soil Sci. 62 82-94

Hugelius G et al 2014 Estimated stocks of circumpolar permafrost
carbon with quantified uncertainty ranges and identified data
gaps Biogeosciences 11 6573-93

Jones M C, Harden J, O’Donnell ], Manies K, Jorgenson T,

Treat Cand Ewing S 2017 Rapid carbon loss and slow
recovery following permafrost thaw in boreal peatlands Glob.
Change Biol. 23 1109-27

Kettridge N, Thompson D K and Waddington ] M 2012 Impact of
wildfire on the thermal behavior of northern peatlands:
observations and model simulations J. Geophys. Res.
Biogeosci. 117 1-14

Knorr W, Prentice I C, House I ] and Holland E A 2010 On the
available evidence for the temperature dependence of soil
organic carbon Biogeosci. Discuss. 2 749-55

Lafleur P M, Moore T R, Roulet N T and Frolking S 2005 Ecosystem
respiration in a cool temperate bog depends on peat
temperature but not water table Ecosystems 8 619-29

Lund M et al 2010 Variability in exchange of CO, across 12 northern
peatland and tundra sites Glob. Change Biol. 16 243648

Minkkinen K, Laine J, Shurpali N, Mékiranta P, Alm ] and Penttild T
2007 Heterotrophic soil respiration in forestry-drained
peatlands Boreal Environ. Res. 12 115-26

Nossov DR, Jorgenson M T, Kielland K and Kanevskiy M Z 2013
Edaphic and microclimatic controls over permafrost
response to fire in interior Alaska Environ. Res. Lett. 8
035013

Nowinski N S, Taneva L, Trumbore S E and Welker JM 2010
Decomposition of old organic matter as a result of deeper

10


https://dataverse.harvard.edu/dataverse/ERL2019
https://dataverse.harvard.edu/dataverse/ERL2019
https://orcid.org/0000-0001-5227-5303
https://orcid.org/0000-0001-5227-5303
https://orcid.org/0000-0001-5227-5303
https://orcid.org/0000-0001-5227-5303
https://orcid.org/0000-0001-5227-5303
https://orcid.org/0000-0003-3231-9967
https://orcid.org/0000-0003-3231-9967
https://orcid.org/0000-0003-3231-9967
https://orcid.org/0000-0003-3231-9967
https://orcid.org/0000-0003-3231-9967
https://doi.org/10.1029/91WR02398
https://doi.org/10.1029/91WR02398
https://doi.org/10.1029/91WR02398
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1016/S0038-0717(99)00105-4
https://doi.org/10.1016/S0038-0717(99)00105-4
https://doi.org/10.1016/S0038-0717(99)00105-4
https://doi.org/10.1002/2015JG003033
https://doi.org/10.1002/2015JG003033
https://doi.org/10.1002/2015JG003033
https://doi.org/10.1002/2015JG003033
https://doi.org/10.1177/0049124104268644
https://doi.org/10.1177/0049124104268644
https://doi.org/10.1177/0049124104268644
https://doi.org/10.1007/s10021-009-9292-y
https://doi.org/10.1007/s10021-009-9292-y
https://doi.org/10.1007/s10021-009-9292-y
https://doi.org/10.1002/2017JF004469
https://doi.org/10.1002/2017JF004469
https://doi.org/10.1002/2017JF004469
https://doi.org/10.1002/2017JF004469
https://doi.org/10.1038/nclimate3328
https://doi.org/10.1038/nclimate3328
https://doi.org/10.1038/nclimate3328
https://doi.org/10.1657/1938-4246-42.3.342
https://doi.org/10.1657/1938-4246-42.3.342
https://doi.org/10.1657/1938-4246-42.3.342
https://doi.org/10.1038/nature04514
https://doi.org/10.1038/nature04514
https://doi.org/10.1038/nature04514
https://doi.org/10.1016/j.soilbio.2011.12.008
https://doi.org/10.1016/j.soilbio.2011.12.008
https://doi.org/10.1016/j.soilbio.2011.12.008
https://doi.org/10.1088/1748-9326/aad5f0
https://doi.org/10.1016/j.soilbio.2017.12.010
https://doi.org/10.1016/j.soilbio.2017.12.010
https://doi.org/10.1016/j.soilbio.2017.12.010
https://doi.org/10.1016/j.foreco.2012.10.022
https://doi.org/10.1016/j.foreco.2012.10.022
https://doi.org/10.1016/j.foreco.2012.10.022
https://doi.org/10.1038/s41467-018-05457-1
https://doi.org/10.1111/j.1365-2389.2010.01331.x
https://doi.org/10.1111/j.1365-2389.2010.01331.x
https://doi.org/10.1111/j.1365-2389.2010.01331.x
https://doi.org/10.5194/bg-11-6573-2014
https://doi.org/10.5194/bg-11-6573-2014
https://doi.org/10.5194/bg-11-6573-2014
https://doi.org/10.1111/gcb.13403
https://doi.org/10.1111/gcb.13403
https://doi.org/10.1111/gcb.13403
https://doi.org/10.1029/2011JG001910
https://doi.org/10.1029/2011JG001910
https://doi.org/10.1029/2011JG001910
https://doi.org/10.5194/bgd-2-749-2005
https://doi.org/10.5194/bgd-2-749-2005
https://doi.org/10.5194/bgd-2-749-2005
https://doi.org/10.1007/s10021-003-0131-2
https://doi.org/10.1007/s10021-003-0131-2
https://doi.org/10.1007/s10021-003-0131-2
https://doi.org/10.1111/j.1365-2486.2009.02104.x
https://doi.org/10.1111/j.1365-2486.2009.02104.x
https://doi.org/10.1111/j.1365-2486.2009.02104.x
https://doi.org/10.1088/1748-9326/8/3/035013
https://doi.org/10.1088/1748-9326/8/3/035013

10P Publishing

Environ. Res. Lett. 14 (2019) 125001

active layers in a snow depth manipulation experiment
Oecologia 163 785-92

Olefeldt D eral 2016 Circumpolar distribution and carbon storage
of thermokarst landscapes Nat. Commun. 7 1-11

O’Neill K P, Richter D D and Kasischke E § 2006 Succession-driven
changes in soil respiration following fire in black spruce
stands of interior Alaska Biogeochemistry 80 1-20

Pelletier N, Talbot J, Olefeldt D, Turetsky M, Blodau C,
Sonnentag O and Quinton W L2017 Influence of Holocene
permafrost aggradation and thaw on the paleoecology and
carbon storage of a peatland complex in northwestern
Canada Holocene 27 1391-405

Pries CEH, Schuur E A G, Crummer K G, Hicks Pries CE,
Schuur E A G, Crummer K G, Pries CEH, Schuur E A Gand
Crummer K G 2013 Thawing permafrost increases old soil
and autotrophic respiration in tundra: partitioning
ecosystem respiration using delta C-13 and Delta C-14 Glob.
Change Biol. 19 649—61

Quinton W L, Hayashi M and Pietroniro A 2003 Connectivity and
storage functions of channel fens and flat bogs in northern
basins Hydrol. Process. 17 3665-84

Robinson S D and Moore T R 2000 The influence of permafrost and fire
upon carbon accumulation in high Boreal Peatlands, Northwest
Territories, Canada Arctic, Antarct. Alp. Res. 32 155-66

Rocha AV and Shaver G R 2011 Postfire energy exchange in arctic
tundra: the importance and climatic implications of burn
severity Glob. Change Biol. 17 283141

Schuur E A G et al 2008 Vulnerability of permafrost carbon to
climate change: implications for the global carbon cycle
Bioscience 58 701-14

Schuur E A G et al 2015 Climate change and the permafrost carbon
feedback Nature 250 217-27

Team R C 2014 R: alanguage and environment for statistical
computing, R Found. Stat. Comput. Vienna, Austria (http://
r-project.org/)

Treat C C et al 2016 Effects of permafrost aggradation on peat
properties as determined from a pan-Arctic synthesis of plant
macrofossils J. Geophys. Res. 121 78-94

P Letters

Trumbore S 2006 Carbon respired by terrestrial ecosystems—recent
progress and challenges Glob. Change Biol. 12 141-53

Turetsky M R, Amiro B D, Bosch E and Bhatti J S 2004 Historical
burn area in western Canadian peatlands and its relationship
to fire weather indices Glob. Biogeochem. Cycles 18 1-9

Turetsky M R, Kane E S, Harden J W, Ottmar R D, Manies KL,
Hoy E and Kasischke E S 2011 Recent acceleration of biomass
burning and carbon losses in Alaskan forests and peatlands
Nat. Geosci. 427-31

Vaughn L] S and Torn M S 2018 Radiocarbon measurements of
ecosystem respiration and soil pore-space CO, in Utqiagvik
(Barrow) Alaska Earth Syst. Sci. Data 10 194357

Viereck L A, Werdin-pfisterer N R and Adams P C 2008 Effect of
wildfire and fireline construction on the annual depth of thaw
inablack spruce permafrost forest in interior Alaska: a 36-
year record of recovery 9th Int. Conf. Permafr. pp 1845-50

Walker X J, Baltzer ] L, Cumming S G, Day N ], Johnstone J F,
Rogers BM, Solvik K, Turetsky M R and Mack M C 2018 Soil
organic layer combustion in boreal black spruce and jack pine
stands of the Northwest Territories Canada Int. J. Wildl. Fire
27 125-34

Whitman E, Parisien M A, Thompson D K, Hall R ], Skakun R S and
Flannigan M D 2018 Variability and drivers of burn severity
in the northwestern Canadian boreal forest Ecosphere 9
e02128

Wright N, Hayashi M and Quinton W L2009 Spatial and temporal
variations in active layer thawing and their implication on
runoff generation in peat-covered permafrost terrain Water
Resour. Res. 45 W05414

Yoshikawa K, Bolton W R, Romanovsky V E, Fukuda M and
Hinzman L D 2002 Impacts of wildfire on the permafrost in
the boreal forests of Interior Alaska J. Geophys. Res. 108 8148

Zhang T, Barry R G, Knowles K, Heginbottom J A and Brown J 1999
Statistics and characteristics of permafrost and ground-ice
distribution in the Northern Hemisphere Polar Geogr. 23
132-54

Zoltai S C 1993 Cyclic development of permafrost in the Peatlands
of Northwestern Canada Arct. Alp. Res. 25 240-6

11


https://doi.org/10.1007/s00442-009-1556-x
https://doi.org/10.1007/s00442-009-1556-x
https://doi.org/10.1007/s00442-009-1556-x
https://doi.org/10.1038/ncomms13043
https://doi.org/10.1038/ncomms13043
https://doi.org/10.1038/ncomms13043
https://doi.org/10.1007/s10533-005-5964-7
https://doi.org/10.1007/s10533-005-5964-7
https://doi.org/10.1007/s10533-005-5964-7
https://doi.org/10.1177/0959683617693899
https://doi.org/10.1177/0959683617693899
https://doi.org/10.1177/0959683617693899
https://doi.org/10.1111/gcb.12058
https://doi.org/10.1111/gcb.12058
https://doi.org/10.1111/gcb.12058
https://doi.org/10.1002/hyp.1369
https://doi.org/10.1002/hyp.1369
https://doi.org/10.1002/hyp.1369
https://doi.org/10.1080/15230430.2000.12003351
https://doi.org/10.1080/15230430.2000.12003351
https://doi.org/10.1080/15230430.2000.12003351
https://doi.org/10.1111/j.1365-2486.2011.02441.x
https://doi.org/10.1111/j.1365-2486.2011.02441.x
https://doi.org/10.1111/j.1365-2486.2011.02441.x
https://doi.org/10.1641/B580807
https://doi.org/10.1641/B580807
https://doi.org/10.1641/B580807
https://doi.org/10.1038/nature14338
https://doi.org/10.1038/nature14338
https://doi.org/10.1038/nature14338
http://r-project.org/
http://r-project.org/
https://doi.org/10.1002/2015JG003061
https://doi.org/10.1002/2015JG003061
https://doi.org/10.1002/2015JG003061
https://doi.org/10.1111/j.1365-2486.2006.01067.x
https://doi.org/10.1111/j.1365-2486.2006.01067.x
https://doi.org/10.1111/j.1365-2486.2006.01067.x
https://doi.org/10.1029/2004GB002222
https://doi.org/10.1029/2004GB002222
https://doi.org/10.1029/2004GB002222
https://doi.org/10.1038/ngeo1027
https://doi.org/10.1038/ngeo1027
https://doi.org/10.1038/ngeo1027
https://doi.org/10.5194/essd-10-1943-2018
https://doi.org/10.5194/essd-10-1943-2018
https://doi.org/10.5194/essd-10-1943-2018
https://doi.org/10.1071/WF17095
https://doi.org/10.1071/WF17095
https://doi.org/10.1071/WF17095
https://doi.org/10.1002/ecs2.2128
https://doi.org/10.1002/ecs2.2128
https://doi.org/10.1029/2008WR006880
https://doi.org/10.1029/2001JD000438
https://doi.org/10.1080/10889379909377670
https://doi.org/10.1080/10889379909377670
https://doi.org/10.1080/10889379909377670
https://doi.org/10.1080/10889379909377670
https://doi.org/10.2307/1551820
https://doi.org/10.2307/1551820
https://doi.org/10.2307/1551820

	1. Introduction
	2. Methods
	2.1. Study area
	2.2. Measurements: soil respiration, soil temperature, and soil moisture
	2.3. Statistical analysis and modeling of soil respiration

	3. Results
	3.1. Soil temperature and active layer depth
	3.2. Soil respiration
	3.3. Models of soil respiration
	3.4. Partitioning of soil respiration into a shallow and deep component

	4. Discussion
	5. Conclusion
	Acknowledgments
	Data availability
	References



