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Old soil carbon losses increase with ecosystem
respiration in experimentally thawed tundra
Caitlin E. Hicks Pries*†, Edward A. G. Schuur†, Susan M. Natali† and K. Grace Crummer

Old soil carbon (C) respired to the atmosphere as a result of permafrost thaw has the potential to become a large positive
feedback to climate change. As permafrost thaws, quantifying old soil contributions to ecosystem respiration (Reco) and
understanding how these contributions change with warming is necessary to estimate the size of this positive feedback. We
used naturally occurring C isotopes (δ13C and 114C) to partition Reco into plant, young soil and old soil sources in a subarctic air
and soil warming experiment over three years. We found that old soil contributions to Reco increased with soil temperature and
Reco flux. However, the increase in the soil warming treatment was smaller than expected because experimentally warming the
soils increased plant contributions to Reco by 30%. On the basis of these data, an increase in mean annual temperature from
−5 to 0 ◦C will increase old soil C losses from moist acidic tundra by 35–55 g Cm−2 during the growing season. The largest
losses will probably occur where the plant response to warming is minimal.

Soils and sediments in the northern circumpolar permafrost
zone store two times the amount of C as is in our atmosphere
(∼1,672 Pg; ref. 1) because frozen soil conditions have

protected organic C from decomposition for hundreds to thousands
of years2,3. The temperature increases (5–9 ◦C) predicted for high
northern latitudes over the next century4 will make much of
the world’s permafrost vulnerable to thaw. Models predict that
6–29% of permafrost will be lost for each degree of warming5.
Model simulations also indicate that permafrost thaw has already
occurred due to active layer thickening at a rate of 10 cm per
decade in some areas6; such thaw has been documented in Alaska7,
Greenland8 and Siberia9. Concurrent with permafrost thaw is C loss
as these previously frozen soils are exposed to increased microbial
activity. To better predict the size of the permafrost C feedback,
the vulnerability of old soil C to thaw and warming needs to
be quantified10.

Globally, respiration increases with greater mean annual temper-
atures11. Numerous warming experiments in permafrost ecosystems
have found Reco increases with warming12–16. Despite many studies
on the response of Reco to warming, it remains unclear how much
of that response is due to increased microbial activity, which leads
to losses of the critical old soil C pool. Both plant (autotrophic; RA)
and microbial (heterotrophic; RH) respiration increase with warm-
ing13,17,18; thus old soil C contributions to Reco cannot be quantified
by measuring land–atmosphere fluxes alone19,20.

Whether RA or RH drives the increase in Reco determines whether
or not a large positive feedback to climate change is occurring
or has the potential to occur. Increased plant respiration is not
a positive feedback to climate change because, on the timescales
over which climate change is occurring, RA is generally balanced
by production, whereas RH is not. This imbalance is extreme in
permafrost ecosystems where soil C has been accumulating since
the start of the Holocene epoch2, or even during the Pleistocene, as
in unglaciated regions of Siberia and Alaska21. The potential effect

of increased RH on atmospheric CO2 levels is much greater than that
of increased RA because the soil C pool is orders of magnitude larger
than the plant C pool in permafrost ecosystems.

Natural tracers partition Reco into auto- and heterotrophic
sources with minimal disturbance to the ecosystem. δ13C or 114C
have often been used separately to estimate source contributions to
respiration14,22–24. However, using both C isotopes is more powerful
because it allows Reco to be partitioned into more sources more
accurately than with a single isotope25. Natural abundance δ13C and
114C separate sources based on different principles. δ13C separates
respiration sources bymeans of biological fractionation26, and114C
separates respiration sources by age—on millennial timescales as
a result of radioactive decay, and on annual to decadal timescales
using the bomb enrichment of atmospheric 14C (ref. 24).

Here, we used natural abundance δ13C and114C to partition Reco
at CiPEHR (Carbon in Permafrost ExperimentalHeating Research),
a warming experiment in Alaskan subarctic tundra15,27. CiPEHR
is unique among tundra warming experiments because it warms
deep soil, causing permafrost thaw without confounding effects
such as altered growing season length or water inputs. CiPEHR
uses snow fences (with the excess snow removed each spring) to
insulate soils during the winter (soil warming), which results in soils
that are 1.5 ◦C warmer than the control during the growing season
and increases thaw depths by 10% (ref. 15). Open-top chambers
warm air in the summer (air warming) by about 1 ◦C, but do not
affect soil temperatures15. After three years of experimental soil
warming at CiPEHR, Reco increased up to 57% relative to controls15.
To investigate the contribution of old soil C loss to this Reco
increase, we partitioned Reco into autotrophic (both aboveground
and belowground plant structures), young surface soil (post-1963
bomb peak; 0–15 cm), and old deeper soil (15–75 cm) sources. This
is the first study to present process-level relationships of how Reco
sources respond to soil temperature and experimental warming in a
permafrost ecosystem.
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Figure 1 | Reco114C decreased as ecosystem respiration fluxes increased.
The points are the data and the solid line is the prediction of the linear
regression (see Table 1).

Results and discussion
Ecosystem respiration 114C became significantly more depleted
with increases in Reco (Fig. 1 and Table 1) and in depth-averaged
soil temperature (hereafter called soil temperature; Fig. 2a and
Table 1). The depletion in 114C with increased temperature was
more pronounced in the control than in the experimental warming
treatments (Fig. 2a and Table 1). Ecosystem respiration 114C
was not affected by water table depth or soil moisture in our
moist tundra; these variables were not significant predictors in the
regression model. In contrast, wetting events caused a significant
enrichment in soil114CO2 in semi-desert tundra28.

More depleted Reco1
14C with increased soil temperatures

indicated that warming caused a shift in respiration sources.
Ecosystem respiration 114C has previously been shown to become
more depleted20 or more enriched29 with permafrost thaw, which is
positively correlated with soil temperature. Both 114C shifts were
due to increases in the contribution of heterotrophic sources to Reco,
although the age of the dominant heterotrophic sources differed in
the two studies.

To understand which Reco sources were driving the temperature-
mediated depletion in Reco1

14C, we used a dual-isotope (δ13C
and 114C) mixing model to estimate proportional contributions
of plant and soil respiration to Reco (Supplementary Table 1).
Respiration 114C and δ13C differed significantly among sources.
Over all sampling dates, aboveground RA1

14C averaged 42.1±1h
and roughly matched the value of the atmosphere in the year it
was sampled. Belowground RA (49.2±2h) was significantly more
enriched than aboveground RA, indicating belowground RA was
a few years older on average (p= 0.007; Supplementary Table 2).
Belowground RAδ

13C averaged −25.3 ± 0.2h and was always
about 3h more depleted than aboveground RA, which averaged
−22.1±0.2h (p<0.0001; Supplementary Table 2). Surface soil (0–
15 cm) RH1

14C averaged 88± 2h (about ten years old) and was
significantly more enriched in 114C than deeper soil (15–75 cm)
RH, which averaged−82±8h (p<0.0001; Supplementary Table 3).
Carbon emitted by deeper soil RH was on average 665 years old,

and the oldest respired C we measured was 6,000 years old. These
ages represent the relative age of respired CO2, but not exact years
because respiration is probably a mixture of younger and some
much older C. Surface soil RHδ

13C averaged −23.6± 0.2h and
was significantly more depleted in δ13C than deeper soil RH, which
averaged−21.6±0.2h (p<0.0001; Supplementary Table 3).

The decrease in Reco1
14Cwith soil temperature was caused by an

increase in the proportion of respiration coming from the old soil
C pool because the contribution of old soil to Reco also increased
significantly with soil temperature (Fig. 2b and Table 1). Rising
temperatures can causemore of the older C pool to become available
to microbes in several ways. First, deeper thaw increases the size of
the old C pool available to above-freezing decomposition. Second,
older C may be more chemically recalcitrant than younger C, so
that its decomposition requires higher activation energies and is
thus more sensitive to temperature18. Further evidence that old soil
respiration was at least partially driving the Reco increase was that
old soil was a greater proportion of Reco when flux rates were higher:
for each 0.01 g Cm−2 h−1 increase in Reco, old soil contributed about
3%more to the flux (Fig. 3 and Supplementary Table 5). The overall
range of old soil contributions to Reco (3–73%) was slightly larger
in this study than in previous studies from northern peatlands14,30
and tundra20,22, where the maximum old soil contribution was
45% (ref. 22).

The greatest contributions of old soil C to Reco occurred during a
time period when conditions for heterotrophic decomposition were
optimal. Both old soil contributions and Reco flux were greatest in
August 2010, when mean Reco was 0.10 g Cm−2 h−1 versus 0.08 and
0.05 g Cm−2 h−1 for August 2011 and 2009, respectively. August
2010 had the deepest thaw, the warmest soils, and the greatest
soil moisture31 of all sampling dates. These observations from a
stochastically warm month of our three-year study add to our
experimental evidence that environmental conditions that favour
greater Reco rates also increase contributions of old soil C.

The soil temperature responses of Reco1
14C and old soil

contributions to Reco were affected by treatment (Fig. 2 and Table 1).
In contrast to expectations, old soil contributed proportionallymore
to Reco in the control than in the warming treatments. Smaller old
soil proportional contributions in the warming treatments were
caused by increased contributions from plant respiration. Both air
and soil warming treatments had larger autotrophic contributions
to Reco (51–57%) than the control (44%), with the soil warming
effect being significant (Table 1). Included in the autotrophic
contributions is microbial respiration of fresh plant material such
as root exudates. This type of microbial respiration is intimately
dependent on plant production and releases C from the same fast
cycling pool; thus it should respond to warming in a similar manner
to that of autotrophs.

Plant respiration increased as a result of the soil warming
treatment owing, in part, to increased aboveground net primary
production15, especially of graminoids, whose biomass increased
in the soil warming treatments15,32. Increased plant productivity
and biomass necessitated an increase in growth and maintenance
respiration within the warming treatments13,33. The cause of the
plant respiration increase was probably not a direct result of soil
temperature or a release from water limitation (the soil warming
treatments were wetter15) because temperature and soil water
content were not significant predictors of autotrophic contributions
in the regression model. Instead, it is likely that plants in the soil
warming treatments responded to increased nitrogen availability
because productivity is limited by nitrogen in the tundra34,35.
Canopy nitrogen was greatest in soil warming plots32, and nitrogen
mineralization often increases with experimental warming or
permafrost thaw35,36.

The increase in old soil contributions with Reco flux was greatest
in the control and least in the soil warming treatments (Fig. 3
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Table 1 | Significant predictors from stepwise linear regressions involving the depth-averaged soil temperature (ST), soil volumetric
water content, thaw depth, water table depth and treatment (n=69).

Response Coe�cients Estimate SE t value p value
Reco1

14C (h, reflected square root) Intercept −2.18 0.76 −2.90 <0.0051∗∗∗

Reco flux −44.49 8.7 −5.10 <0.00001∗∗∗

Reco1
14C (h, reflected square root) Intercept 2.72 2.10 1.29 0.2012

Air warming −5.89 2.55 −2.31 0.0240
Soil warming −4.47 2.52 −1.77 0.0811∗

Air+ soil −6.35 2.17 −2.92 0.0048∗∗

ST −1.84 0.44 −4.16 0.0001∗∗∗

ST:Air −0.51 0.30 −1.71 0.0922∗

ST:Soil −0.79 0.28 −2.83 0.0063∗∗

ST:Air+ soil −0.35 0.10 −3.56 0.0006∗∗∗

Old soil (proportion, logit) Intercept −4.56 0.96 −4.72 <0.00001∗∗∗

Air warming 1.52 1.17 1.30 0.198
Soil warming 0.72 1.15 0.63 0.530
Air+ soil 2.38 1.13 2.10 0.0394∗∗

ST 0.68 0.19 3.51 0.0009∗∗∗

ST:Air −0.39 0.23 −1.71 0.0928∗

ST:Soil −0.28 0.22 −1.27 0.210
ST:Air+ soil −0.59 0.22 −2.66 0.010∗∗

Autotrophic (proportion, logit) Intercept −0.26 0.15 −1.8 0.085∗

Air warming 0.32 0.21 1.5 0.136
Soil warming 0.56 0.21 2.7 0.010∗∗

Air+ soil 0.29 0.21 1.4 0.171
RA:RH (log) Intercept −0.26 0.13 −1.9 0.05921∗

Air warming 0.32 0.19 1.6 0.10127
Soil warming 0.57 0.19 2.9 0.00464∗∗

Air+ soil 0.49 0.19 2.6 0.01144∗∗

An additional regression was run for Reco1
14C using just Reco flux and treatment as predictors (n=69). The units of and transformation used for the response variables are in parentheses.

The coe�cients reported here were not back transformed. The number of asterisks (∗) indicates level of significance.
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Figure 2 | Relationships with soil temperature. a,b, Reco1
14C decreased (a) and old soil contribution to Reco generally increased (b) with depth-integrated

soil temperature. Experimental treatment changed the slope of these relationships (see Table 1 for model coe�cients). Source partitioning indicated the
Reco1

14C relationship was driven by an increase in RH from old, deeper soils (15–75 cm) that was partially masked by increased RA in the warming
treatments. The points are the data and the solid lines are the prediction of a linear regression.

and Supplementary Table 5). The increase was greatest despite
the control having a shallower active layer15 —and subsequently
smaller volume of unfrozen old soil available for decomposition—
and is not explained by soil moisture or water table, which
had no significant effects in any regression. Although greater

autotrophic contributions to Reco relative to old soil contributions
partially explain why old soil contributions are less responsive
in the experimental warming treatments, increased autotrophic
activity may decrease old soil C losses in other ways. Increased
primary productivity in the warming treatments could reduce

216

© 2016 Macmillan Publishers Limited. All rights reserved

NATURE CLIMATE CHANGE | VOL 6 | FEBRUARY 2016 | www.nature.com/natureclimatechange

http://dx.doi.org/10.1038/nclimate2830
www.nature.com/natureclimatechange


NATURE CLIMATE CHANGE DOI: 10.1038/NCLIMATE2830 ARTICLES

0.0

0.2

0.4

0.6

0.04 0.06 0.08 0.10 0.12

Pr
op

or
tio

n 
ol

d 
so

il 
re

sp
ira

tio
n

Control

Air warming

Soil warming

Air + soil warming

Reco (g C m−2 h−1)

Figure 3 | Old soil contribution to Reco increased with increasing
respiration flux. This relationship changed significantly with treatment. The
points are the data and the solid lines are the prediction of a linear
regression (see Supplementary Table 5).

mineralization of old soil C owing tomicrobial preference for newer
plant-derived substrates37.

Despite the greater proportional contributions of old soil C to
Reco in the control plots, growing season C losses from old soil
respiration were significantly greater in the soil warming treatments
than in the soil warming control (p= 0.0157; Fig. 4). The control
had smaller Reco fluxes overall15 (Fig. 3), leading to less old soil
C loss, particularly in 2011. In 2010, only 6.5% more old soil C
was released in the soil warming treatments as compared to the
control, whereas in 2011, 44% more old soil C was released—a
30 gm−2 increase in C lost to the atmosphere during the growing
season. Therefore, experimentally warming tundra and degrading
the surface permafrost caused old soil C to be lost to the atmosphere.

However, air warming caused significantly less growing season
old soil C loss than the air warming control (p= 0.0102; Fig. 4).
Air warming lost 8.9 g Cm−2 less than the control in 2010 and
lost the same amount of old soil C as the control in 2011, in
part because the air + soil warming treatment had the lowest
proportional contributions from old soil when soil temperatures
were warmest (Fig. 2b). Contrary to expectations, old soil C losses
from the control were generally not much less than from the air
or soil warming treatments, with the exception of the soil warming
treatment in 2011.

Although other studies have demonstrated increased old soil C
losses from permafrost ecosystems due to thaw or warmer temper-
atures14,20, ours is the first to show how experimental treatments
affect that relationship. The soil warming treatment caused a shift
in the growing season C cycle from more heterotrophic to more
autotrophic control of Reco. Thus, the proportion of old soil contri-
butions actually increases less in response to soil temperature in the
soil warming than in the control treatments.

The relationship between Reco and old soil proportional
contributions can be used to estimate how losses of old soil C from
tundra ecosystems change with warming temperatures, with the
treatments’ different responses reflecting a range of potential C

0

20

40

60

80

A
B

A

B

100

2010
Year

2011

R o
ld

 s
oi

l (
g 

C 
m

−2
)

Control
Air warming
Soil warming
Air + soil warming

Figure 4 | Estimated growing season old C losses from the experimental
treatments in 2010 and 2011. Old soil C losses are significantly greater in
the plots with the soil warming treatment than in soil warming control plots
(p=0.015; indicated with letters not shared).

losses. The responses of RA and RH to warming at this experiment
were similar to those in a Swedish peatland38. Furthermore,
amplification of the C cycle (greater Reco and primary production)
due to warming has been observed across many tundra ecosystems,
including our site39. Tundra growing season Reco increases about
13.3 g Cm−2 for each 1 ◦C rise in mean annual temperature (MAT;
ref. 39). Therefore, on the basis of our empirical relationship, an
increase inMAT from−10 to−5 ◦Cwill cause the proportion of old
soil contributions to Reco to increase from 0.15–0.22 to 0.19–0.32,
causing 19–35 gm−2 more old soil C loss each growing season. An
increase from -5 to 0 ◦C will cause 35–55 g Cm−2 more old soil
C loss. The upper range of these estimates is from the empirical
relationship of the control treatment data, which may be analogous
to tundra ecosystems where the vegetation response to warming is
limited. Thus, the growing season loss of old soil C due to warming
depends in part on the autotrophic response, an interaction that
warrants further study.

Implications for net ecosystem carbon balance
Overall, experimentally warming tundra caused an increase in Reco
that is driven by both plant and old soil respiration. The overall
increase was driven more by autotrophs than heterotrophs, as
demonstrated by the ratio of RA to RH, which is greater in the
warming treatments than in the control (Table 1). The increase in
autotrophic respiration is because plants are fixingmoreC as a result
of the warming treatment such that the warming treatments are at
present a growing season sink of 102 g Cm−2 (ref. 15). This increase
in plant productivity is masking the critical loss of old soil C that has
the potential to become a long-term feedback to climate change. It is
only by using isotopes that we have been able to detect and quantify
this old soil C loss.

At present, the growing season loss of old soil C in the soil
warming treatments is being compensated for by C taken up by
increased plant growth and stored in biomass because the site
is a growing season C sink15. However, because the soil C pool
(60 kgm−2; ref. 2) at our site is several orders of magnitude larger
than the plant C pool (0.45–0.63 kgm−2; ref. 32), old soil C losses
have the potential to eventually surpass gains in plant biomass.
Much depends on how future plant productivity will respond
to rising temperatures, changing soil moisture, and increased
atmospheric CO2. One prediction for mesic tundra found that
plant production would continue to outpace RH for the next
century40. However, at our experiment, the tipping point may
have already been reached. This study examined only growing
season Reco dynamics, but soil warming increased winter Reco by
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50%, offsetting increased growing season C uptake15. Wintertime
respiration increases are probably driven by old soil C losses because
deep soils freeze last in the autumn, remain warmer than surface
soils during the winter, and may form taliks (a layer of unfrozen
soil between the permafrost and seasonally frozen soil)22. Old soil
C losses due to warmer soils will probably continue into the winter
and could lead to a positive climate change feedback even when the
growing season C sink is increasing.

Methods
Methods and any associated references are available in the online
version of the paper.

Received 18 August 2014; accepted 19 August 2015;
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Methods
Site description. CiPEHR is located near Eight Mile Lake (EML, 63◦ 52′ 59′′ N,
149◦ 13′ 32′′ W) in Healy, Alaska. The vegetation consists of moist acidic tussock
tundra dominated by Eriophorum vaginatum and includes the graminoid Carex
bigelowii, dwarf shrubs Vaccinium uliginosum, V. vitis-idaea, Betula nana,
Rhododendron subarcticum, Rubus chamaemorus and Empetrum nigrum, and
various mosses and lichens32. The soils are histels and consist of 0.3–0.5m of
organic soil atop a mixture of mineral loess deposits and glacial till. Mean annual
temperature is−2.3 ◦C and the active layer thaws to about 60 cm deep during the
growing season15. Permafrost temperatures in the area are monitored via a
borehole and have been increasing over the past several decades7.

The soil warming (SW) and air warming (AW) treatments are set up in a
factorial design: control, SW, AW and soil+ air warming (SW+AW). In previous
papers15,27,32, soil warming was referred to as winter warming and air warming was
referred to as summer warming. The air warming was achieved passively with
open-top chambers (OTCs, 60×60 cm), and the soil warming was achieved with
snowfences (8m long by 1.5m tall). The snowfences created snowdrifts over one
metre deep, extending 10m back from the fence that insulated soils throughout the
winter41. At the end of each winter, excess snow was shovelled off the SW treatment
so as not to add additional water or delay snowmelt. There were six replicate
snowfences distributed evenly among three blocks. The SW treatment and SW
control plots were the north and south sides of each fence, respectively. Each SW
treatment and control plot contained both AW treatment and AW control plots.

Soil environment. In all plots, the soil temperature at three depths (5, 20, 40 cm)
and the soil volumetric water content (VWC) averaged over the top 20 cm were
recorded every half hour during the growing season15. Soil temperature was
measured using constantan-copper thermocouples, and VWC was measured using
site-calibrated Campbell CS616 water content reflectometer probes. Thaw depth
(the depth from the soil surface to the frozen soil) was sampled at three points in
each plot using a metal probe pushed into the soil until it hit frozen ground.
Throughout the growing season, water table depth (WTD) was measured three
times per week from water wells installed in each SW treatment and control plot
(12 in total; ref. 15).

Ecosystem respiration. To measure the δ13C and114C of Reco, we installed 24 PVC
collars (25.4 cm diameter× 10 cm deep) 6–7 cm into the soil, one per each of the
four SW/AW treatment combinations at each of the six fences. We used previously
published methods to sample Recoδ

13C and114C (ref. 20). In brief, 10 l dark
chambers were fitted onto the collars encompassing aboveground biomass.
Ecosystem respiration δ13C was analysed using the Keeling plot method, wherein
CO2 was collected into septa-capped glass vials (Exetainers, Labco Limited) every
2–3min for a total of seven samples per collar, while an infrared gas analyzer
(Licor-820, LICOR) simultaneously measured pCO2 . The samples and a set of field
standards (−10.46h; Oztech Trading Corporation) with similar pCO2 were sent
back to the University of Florida to be run on a GasBench II coupled to a Finnigan
Delta Plus XL stable isotope ratio mass spectrometer (precision±0.2h, n=215).
δ13C changes due to travel and holding time were corrected using the field
standards. Reco1

14C was collected by pumping CO2 through a molecular sieve
(Alltech 13x, Alltech Associates) for 15min. Before the collection, the chamber
headspace was scrubbed for 45min with soda lime while maintaining ambient pCO2

to remove atmospheric contamination. The molecular sieves were baked at 625 ◦C
to desorb CO2 (ref. 42), which was purified using liquid N2 on a vacuum line and
reduced to graphite by Fe reduction in H2 (ref. 43). The graphite was sent to the UC
Irvine W.M. Keck Carbon Cycle Accelerator Mass Spectrometry (AMS) Laboratory
for radiocarbon analysis (precision±2.3h, n=102).114C data were reported at
the same δ13C value to correct for mass-dependent fractionation effects.114C data
were corrected for atmospheric contamination using each chamber’s δ13C data in a
two-pool (atmospheric and Reco) mixing model20. Reco isotopes were sampled at the
beginning of July and in mid-September 2009, and in mid-August 2010 and 2011.
Sampling occurred only under calm conditions and in the morning to control for
potential diurnal variation. Reco flux was measured from autochambers (60×60 cm
each) adjacent to the PVC collars every 1.5 h throughout the growing season with a
Licor-820 infrared gas analyzer (LICOR)15,27.

Source respiration. Short-term incubations were used to measure the δ13C and
114C of autotrophic and heterotrophic source respiration20. We collected
aboveground (AG) and belowground (BG) plant material to measure RA isotopes
by cutting 5×10 cm blocks of tundra down to the frozen soil from each treatment
at each fence. Samples from the same treatment were combined by block, for a total
of three AG and three BG replicates per treatment. We clipped all live AG plant
material from each block and placed it in foil-covered Mason jars (0.24 l).
Belowground roots and rhizomes (>1mm diameter) were collected from the
thawed soil, rinsed, and shaken dry before being put into their own Mason jars. We
incubated plants as soon as possible after collection (within 5min for AG and 30
for BG) to avoid changes to δ13C that can occur 40min to an hour after excision44.

The jar headspace was scrubbed through soda lime for 5min at>1 lmin−1 before
starting the incubations. δ13C incubations lasted for 5–10min, after which
headspace air was pumped into He-flushed Exetainers.114C incubations lasted
four hours, after which headspace CO2 was collected into molecular sieves.
Autotrophic respiration114C and δ13C was measured at the beginning of July and
in mid-September 2009, and in mid-August 2010 and 2011. Only SW treatment
and control plots were sampled in July 2009 because the AW treatment had been
ongoing only for six weeks, too soon to expect an AW treatment effect. Autotrophic
respiration114C was sampled only from control plots in 2010 and 2011 because
RA1

14C did not differ significantly between SW and control plots in
2009 (p=0.33).

To measure the δ13C and114C of heterotrophic respiration, we collected surface
(0–25 cm) and deep (25–75 cm) soil cores. Surface soil cores were collected in SW
treatment and control plots in July 2009 and from all treatments in August 2010.
Because the isotopes of surface soil respiration did not change significantly from
2009 to 2010, we did not resample surface soils in August 2011. To core surface
soils, we used a serrated knife to cut 5×5 cm blocks of soil, which were sectioned
into 0–5 cm, 5–15 cm and 15–25 cm. As with the plant sampling, we combined
samples from the same treatment within a block for a total of three replicates per
treatment. We removed all roots>1 mm in diameter and let the surface soils sit at
room temperature in Mason jars for five days before sampling δ13C and114C to
ensure sampling of the labile soil C pool and not recent root-derived C (ref. 20).
Wait time was informed by a study wherein soil respiration rates decreased 50%
five days after tree girdling45 and from tundra soil incubations wherein the labile C
pool was respired during the first 5–20 days46,47. In May 2009, we sampled deep soil
cores (25–75 cm) while the ground was frozen using a Tanaka TIA-340 connected
to a SIPRE coring auger. Cores were taken from the SW and control side of each
fence for a total of 12 samples. Deep soil cores were kept frozen until we cut them
into 10 cm sections, removed roots>1mm diameter, and let them sit in Mason jars
at room temperature for ten days to allow microbial populations to stabilize after
thaw. For both shallow and deep soils, we measured RH flux during three short
(∼3 h) incubations before sampling CO2 for isotopic analysis. Soils were kept at
field moisture and under aerobic conditions. For δ13C and114C sample collection,
we scrubbed CO2 from the jar headspace, incubated the soils for 12–72 h (the time
it took for 1.5mg C to build up in the headspace), and pumped the headspace CO2

into molecular sieves. The114C sample preparation and analysis was carried out as
described for Reco. However, after purification, a small (0.1–0.2ml) subsample of
CO2 was removed and put in a He-filled Exetainer for δ13C analysis. Source
radiocarbon dates were converted to calendar dates using the Calib program48.

Partitioning model. For partitioning Reco, the RH isotopes from the soil core depth
sections were mathematically combined into two heterotrophic sources, young soil
(YS, 0–15 cm) and old soil (OS, 15–75 cm) on the basis of the age of the respired
CO2. The YS source included soil sections that respired enriched ‘bomb peak’114C
from the past 50 years, and the OS included soil sections that respired older,
depleted114C from the upswing of the bomb peak and earlier (Supplementary
Table 6). To calculate δ13C and114C values of YS and OS, we weighted the isotopic
signatures of each incubated depth by its CO2 flux per g soil, corrected for each
depth sections’ bulk density and average monthly field temperature
(Supplementary Table 6; ref. 20). Each replicate core’s weighted average was
calculated, and then all cores were averaged to obtain mean δ13C and114C for YS
and OS. Before averaging, δ13C values were corrected for a temperature shift14,49,
because incubation temperatures were warmer than field conditions. We used a Q10

of 2.5 and a δ13C temperature correction of−0.16h per 1 ◦C (ref. 20) in the
calculations described above. The same114C values from the 2009 deep soil cores
(incubated in 2011) were used to calculate RH sources for partitioning in all years,
because changes in114C due to radioactive decay during that three-year time span
were smaller than the 2.3h precision error of the AMS (ref. 22).

We used SIAR (Stable Isotope Analysis in R; ref. 50) to partition Reco into two
autotrophic (respiration of AG and BG plant material) and two heterotrophic
sources (YS and OS). Partitioning was performed separately for each collar and
sampling period. The SIAR method uses Markov chain Monte Carlo to find feasible
solutions to this set of three equations:

13CEcosystem= fAG(13CAG)+ fBG(13CBG)+ fYS(13CYS)+ fOS(13COS)

14CEcosystem= fAG(14CAG)+ fBG(14CBG)+ fYS(14CYS)+ fOS(14COS)

1= fAG+ fBG+ fYS+ fOS (1)

where the unknowns are f , each sources’ proportional contribution to Reco, and the
δ13C and114C of each source and Reco have known distributions. The input data
include the mean and standard deviation of all source isotopic values and the
individual Reco isotope values. An average AG and BG RAδ

13C was used to partition
all sampling periods and treatments, because there were no significant differences
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within AG or BG RAδ
13C among sampling periods or treatments. The July 2009

RA1
14C values were used for September 2009 partitioning. The model output gives

the probability density distributions of each sources’ f . We used the default
uninformative prior50. Previous sensitivity analyses found the results from this
model to be robust to uncertainty in source parameters20.

Data analysis. To investigate treatment and sampling date differences in the soil
environment, isotopic values, and Reco source contributions (mean f ), we
performed analyses of variance (ANOVAs) in JMP (SAS). The main effects were
sampling date, the SW treatment, and the AW treatment nested within the SW
treatment. For the soil environment variables, Reco isotopes and source
contributions, fence and plot nested within fence were the random effects. For
source isotopes, block was a random effect (core was nested in block for soil
isotopes), and type (AG/BG or YS/OS) was an additional main effect. For isotopes
from individual soil sections, depth was an additional main effect. Source
contributions were logit transformed before analyses. All residuals were checked for
normality and homogeneity of variances to ensure ANOVA assumptions were met.

To explore how the soil environment affected114C and source contributions to
Reco, we performed multiple linear regressions in R (ref. 51). First,114C was
square-root transformed, and source contributions were logit transformed to
ensure normality. We included a depth-averaged soil temperature to 30 cm (ref. 52),
VWC, WTD, thaw depth, and treatment as explanatory variables for114C and
source contributions (Supplementary Tables 7 and 8). We used WTDmeasured
1–2 days before sampling and the thaw depth measured immediately after
sampling. Other variables were measured continuously and were averaged over the
sampling period. We used the full model to optimize random effects and variance
structures using AIC values53. Random effects (block, fence, or plot) did not
improve the AIC or explain variance, so they were not included. Visual checks, to
make sure residuals did not vary with the random effects and that the residuals for
each random effect were centred on zero, were performed to ensure independence
was not violated. A power variance structure taking soil temperature and treatment
into account improved the114C model, but not the source contribution models.
Once random effects were optimized, we performed a series of pair-wise model
comparisons using the F test: models were tested sequentially by dropping the least
significant explanatory variable until only significant explanatory variables
remained53. Ultimately, the114C model was fitted with the gls command in the
nlme package54 using restricted maximum likelihood, and the source contribution
models were fitted with the base lm command.

We ran separate regressions to investigate how Reco1
14C and OS proportional

contributions were related to the average Reco flux over each sampling period
measured using autochambers (Supplementary Table 8; refs 15,27). To estimate the
total amount C lost from old soil during the growing season, we related the OS
proportional source contributions to Reco flux and treatment. Unlike other
regressions in this study, it was unclear whether treatment should be included in
the model. Three models had AICc values within 4 units of one another. These
included a model with just Reco flux, one with Reco flux and treatment, and one with
Reco flux, treatment and a flux by treatment interaction. We used AICc weights to
average these three models using the AICcmodavg package in R (ref. 55). The
average model was used to predict the proportion of Reco coming from OS in each
plot hourly throughout the growing season (1 May through 30 September).
Because the model was fit to logit-transformed data, the predicted OS values had to
be back transformed. To get the mean predicted values in the original unit of

proportion, the variance had to be taken into account. The following equation was
used to back transform:

µbt=
1

(1+eµ)3

[
eµ (1+eµ)+

s2

2
eµ(1−eµ)

]
(2)

where µ is the mean predicted value from the model fit, s2 is the variance, and µbt

is the back-transformed predicted value. The OS proportion was then multiplied by
the corresponding Reco flux and summed over the growing season for each plot.
This method was used to predict growing season losses of OS C for a−10 to−5 ◦C
and−5 to 0 ◦C rise in MAT based on the Reco and MAT relationship in a recent
meta-analysis of tundra ecosystems39.
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