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Abstract

Warming temperatures are likely to accelerate permafrost thaw in the Arctic, poten-
tially leading to the release of old carbon previously stored in deep frozen soil layers.
Deeper thaw depths in combination with geomorphological changes due to the loss of
ice structures in permafrost, may modify soil water distribution, creating wetter or
drier soil conditions. Previous studies revealed higher ecosystem respiration rates
under drier conditions, and this study investigated the cause of the increased ecosys-
tem respiration rates using radiocarbon signatures of respired CO, from two drying
manipulation experiments: one in moist and the other in wet tundra. We demonstrate
that higher contributions of CO, from shallow soil layers (0-15 cm; modern soil carbon)
drive the increased ecosystem respiration rates, while contributions from deeper soil
(below 15 cm from surface and down to the permafrost table; old soil carbon) de-
creased. These changes can be attributed to more aerobic conditions in shallow soil
layers, but also the soil temperature increases in shallow layers but decreases in deep
layers, due to the altered thermal properties of organic soils. Decreased abundance of
aerenchymatous plant species following drainage in wet tundra reduced old carbon
release but increased aboveground plant biomass elevated contributions of auto-
trophic respiration to ecosystem respiration. The results of this study suggest that drier
soils following drainage may accelerate decomposition of modern soil carbon in shal-
low layers but slow down decomposition of old soil carbon in deep layers, which may

offset some of the old soil carbon loss from thawing permafrost.
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1 | INTRODUCTION

Arctic ecosystems are warming (Huang et al., 2017; Serreze et al,,
2000), and this trend is anticipated to continue into the future
(Kirtman et al., 2013). Warmer Arctic ecosystems could destabilize
the large amount of soil carbon currently stored in permafrost soils
(Hugelius et al., 2014), releasing carbon into the atmosphere and ac-
celerating climate change. For accurate predictions of global climate
change trajectories, it is essential to estimate the magnitude of the
current carbon release as well as understand the causes and under-
lying mechanisms that govern the responses of permafrost ecosys-
tems to warming.

Soil moisture is likely to undergo drastic changes due to
feedback processes with temperature: (1) warmer temperature
enhances evapotranspiration, making soil drier, and (2) warm-
ing-induced permafrost thaw and ground ice melt, and the sub-
sequent topographical changes modify soil water distribution,
making some areas wetter and others drier depending on the
original local geomorphology and ground ice distribution (Loranty
et al., 2018; Schuur & Mack, 2018). Under current conditions,
large areas of Arctic ecosystems are inundated in spite of low
precipitation because permafrost below the seasonally thawed
soil layers limits drainage. Thawing of ice-rich permafrost due to
increasing air and soil temperatures results in ground subsidence
and accumulation of melt water, making the soil wetter (Abbott
& Jones, 2015; Jorgenson, Shur, & Pullman, 2006; O'Donnell et
al., 2012; Osterkamp et al., 2009); but permafrost thaw followed
by lateral drainage can cause drier conditions in large parts of
permafrost regions (Avis, Weaver, & Meissner, 2011; Lawrence,
Koven, Swenson, Riley, & Slater, 2015; Liljedahl et al., 2016). With
large spatiotemporal variation in soil hydrology upon permafrost
thaw and ice melt, our research focuses on the drying effects

on ecosystem respiration (R in one moist and one wet tun-

)
eco
dra ecosystem. The experiment in moist tundra—which has no
standing water for most of the growing season but soils of which
are saturated—is to mimic drier conditions due to enhanced
evapotranspiration in a warming scenario, while the other exper-
iment in wet tundra—which has water tables close to soil surface
(<30 cm) for most of the growing season—is to mimic water drain-
age following ice-wedge degradation. These two experiments
represent a low and a high degree of drying scenarios in warmer
Arctic ecosystems.

Drying of tundra ecosystems has been observed to increase
the rates of Reco(Kwon et al., 2016; Natali et al., 2015; Oechel,
Vourlitis, Hastings, Ault, & Bryant, 1998) because removing ex-

cess soil water and increasing oxygen diffusion into soils enhance

the rates of both heterotrophic (Skopp, Jawson, & Doran, 1990)
and autotrophic (Chapin, Matson, & Vitousek, 2012) respiration
(R, and R,). In addition, intensive drying can enhance R, rates in
deep soil layers, leading to the loss of older carbon that had previ-
ously been stabilized by cold and wet conditions (Estop-Aragonés
et al., 2018). Because of secondary drainage effects, such as
modification of vegetation communities and soil thermal regimes
following changes in water availability, the net impact of hydro-
logical changes on the permafrost carbon cycle is still uncertain.
For example, wetland plant species that possess aerenchyma tis-
sues stimulate decomposition in deep soils by supplying oxygen
through roots (Wolf, Drake, Erickson, & Megonigal, 2007), and
decrease in their abundance due to drying may reduce decom-
position rates in deep soil layers and the transport of old CO, to
the atmosphere through aerenchyma. To better understand how
the rates and sources of R, respond to drier conditions, we used
natural abundance radiocarbon (**C) to partition R.., into auto-
trophic and two heterotrophic sources (surface and deep soils)
from drying manipulation experiments in moist and wet tundra

permafrost ecosystems.

2 | MATERIALS AND METHODS
2.1 | Site description

2.1.1 | Healy (moist tundra)

The Drying Permafrost Experimental Heating Research (DryPEHR)
site is located in moist tundra at Eight Mile Lake in Healy, Alaska
(63.88 N, 149.23 W; Natali et al.,, 2015). Mean water table depth
(WTD; measured as distance from the soil/moss surface to the top
of the water table) is ~23 cm and the maximum thaw depth (TD)
at the end of the summer season is ~59 cm. Annual mean air tem-
perature (1977-2012) is -1°C, with monthly mean air temperatures
ranging from -17°C in January to +15°C in July, with average grow-
ing-season (June to September) precipitation of 232 mm (Western
Regional Climate Center, station ID 503585). Organic soil layers of
35-45 cm thickness lie on top of mineral soil layers (Schuur et al.,
2009). Dominant plant species include the tussock-forming sedge,
Eriophorum vaginatum, and shrubs, for example, Vaccinium uliginosum
(Schuur et al., 2009).

Six blocks of control and drying plots were established in 2011
(Natali et al., 2015). Water was drained using an automated pump
system. In addition, a warming treatment (soil warming by adding
snow during the winter and then removing it in spring, and air warm-

ing by open-top chambers during the growing season) was applied
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in combination with drying, resulting in four treatments: control,
drained, warmed, and drained + warmed (Table 1). Volumetric water
content (VWC) in the top 20 cm of drained plots was decreased by
2%-4% compared to the control plots in August 2012 and 2013
(Supplementary Table S1). Warming treatment increased VWC by
6%-8% due to ground subsidence, lowering the soil surface closer to
the water table (Supplementary Table S1; Natali et al., 2015).

2.1.2 | Chersky (wet tundra)

The Chersky study site is located on a floodplain of the Kolyma
River near Chersky in northeastern Siberia (68.62 N, 161.35 E).
Annual mean air temperature (1906-2013) is -11°C with monthly
mean air temperature ranging from -33°C in January to +13°C in
July (berkeleyearth.org, station ID 169,921). Average growing-sea-
son precipitation for the same period is 115 mm. Organic soil layers
of 15-20 cm thickness have accumulated on the top of mineral soil
layers (Kwon et al., 2016). The sedge, Eriophorum angustifolium, and
tussock-forming sedges, Carex appendiculata and C. lugens, are the
dominant plant species (Kwon et al., 2016). Spring floods occur due
to snowmelt at the site and in the surrounding river water basin, re-
sulting in an increase of the water level of up to 50 cm above the soil
surface in late May or early June. Water level gradually decreases
until mid-July as water drains to the nearby rivers.

Experimentally drained areas achieved a water table that was
20 cm deeper than natural conditions in summer 2013 due to a sur-
rounding drainage ditch that was constructed in fall 2004 and which
encircled a ~200 m diameter area (Merbold et al., 2009). After heavy
rains, this difference in water table was temporarily reduced to 6 cm
due to delayed drainage (Supplementary Table S1). The drained
and control areas are approximately 600 m away from each other
and each have 10 plots spaced along transects in ca. 25 m intervals
(Table 1).

2.2 | Environmental monitoring

In Healy, VWC was continuously measured at 0-20 cm depth at each
plot and recorded half-hourly (CS615 & CS616, Campbell Scientific,
Logan, UT, USA). WTD and TD were measured once a week at each
plot. Soil temperatures were measured at 5, 10, 20, and 40 cm
depths at each plot and recorded half-hourly using constantan-cop-
per thermocouples. For more detailed information, refer to Natali et
al. (2015).

TABLE 1 Site setupin Healy and Chersky

Site Treatment Number of plots
Healy Control [¢)

Drained 6

Drained + Warmed 6

Warmed 6
Chersky Control 10

Drained 10

Giobal Change Bilosy MY TRV

In Chersky, WTD and TD, as well as soil temperatures at 5, 15,
25, and 35 cm depths were measured and recorded (Th3-s, UMS,
Germany) 1 to 3 times a week at each plot. Soil moisture sensors
were out of order in 2014, and VWC was estimated using a linear
regression model between VWC and WTD from the period when
sensors operated (R% = 0.78, p < 0.00). Soil temperatures at 4, 16,
and 64 cm depths were measured continuously at four plots, and
recorded half-hourly.

In Chersky, E. angustifolum cover was measured using the point-
intercept method. CO, and CH, transport rates through E. angusti-
folum were quantified by including a single plant into a cylindrical
dark chamber (g 10 cm x 50 cm height) and sealing the base with a
gas-tight cap that enclosed the plant. The concentrations of [CO,]
and [CH,] were recorded using an Ultra-Portable Greenhouse Gas
Analyzer (Los Gatos Research, San Jose, CA, USA; Kwon et al., 2017).

2.3 | Radiocarbon signatures of R__,

In August 2012 and 2013 at Healy, 10 L dark chambers were
placed over polyvinyl chloride collars (g 25.4 cm x 10 cm height).
Headspace CO, was scrubbed using soda lime at the approximate
rate of R, in order to maintain a constant CO, concentration. The
headspace air was scrubbed until a five-chamber volume of air was
replaced, then collected with molecular sieves (Alltech 13x, Alltech
Associates, Deerfield, IL, USA). CO, was desorbed from these mo-
lecular sieves by heating them at 625°C (Bauer, Williams, & Druffel,
1992). Extracted CO, was purified using liquid nitrogen on a vacuum
line and the remaining CO, was reduced to graphite by Fe reduction
in H,. The graphite was sent to the UC Irvine W. M. Keck Carbon
Cycle Accelerator Mass Spectrometry Laboratory for radiocarbon
analysis. AC data were reported after normalization for §'°C and
correction for the decay between the year 1950 and the measure-

ment time (Equation 1):

AMC (%)= [FCxeRir —1] x 1000 W

where F**C is the Fraction Modern as given by Reimer, Brown, and

Reimer (2004) and vy is the year of sampling. R___ (net ecosystem

eco
exchange when photosynthetically active radiation is smaller than
5 umol m2s) was continuously measured every 1.5 hr using an
automated chamber system (LI-820, LICOR Corp., Lincoln, NE, USA).
Data were gap-filled when R, was not measured and cumulative
R.., was estimated by using an exponential relationship between
soil temperature and R, rates (Natali et al., 2015). Continuous R,
rates were measured immediately adjacent of e sampling plots
(~1 m apart) that generally have similar moisture conditions and
representative vegetation. Further information on the R, measure-
ments at Healy can be found in Natali et al. (2015).

In August 2014 at Chersky, a dark chamber (300 L) was placed on
the polyvinyl chloride collar, and the concentrations of CO, inside the
chamber were measured using an Ultra-Portable Greenhouse Gas
Analyzer (Los Gatos Research, San Jose, CA, USA). R rates were de-

termined and headspace CO, was scrubbed using soda lime at a rate
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similar to that of R, to keep the headspace CO, concentration con-
stant. This scrubbing replaced a quarter of the headspace CO,. Then,
headspace gas was circulated through molecular sieves (Alltech 13x,
Alltech Associates, Deerfield, IL, USA) to collect 1/8 mmol of CO,.
CO, was desorbed from molecular sieves by heating them at 500°C
(Bauer et al., 1992). Extracted CO, was purified using the same pro-
cedures as described in the previous paragraph for the Healy samples.
Radiocarbon analysis was carried out at the **C analytics laboratory
at the Max Planck Institute for Biogeochemistry in Jena, Germany
(Steinhof, Altenburg, & Machts, 2017). Continuous R, was estimated
using an exponential relationship between air temperature and mea-
sured R, and continuously measured air temperature, and summed
to calculate cumulative R, (Kwon et al., 2016).

To correct for atmospheric contamination, A'C values were ad-
justed for those of atmospheric CO, by using of §'3C values with a
two-pool mixing model (Schuur & Trumbore, 2006). At Healy, §'°C
values were not measured in the years 2012 and 2013, and the aver-
age 513C values of control plots from the previous years (2009-2011)

were used instead (Hicks Pries, Schuur, Natali, & Crummer, 2016).

2.4 | Radiocarbon end-member signatures of
R,., sources

For A™C of R;, sources in Healy, incubation data from the plots located
within the footprint of the experiment used to determine heterotrophic
end-members. To measure A™C of R,, sources, soils from 0-25cm
depths were taken from three control plots in July 2009 and in August
2010. It was assumed that carbon stock and composition in control
plots in 2009 and 2010 were not significantly different from those in
2012 and 2013. Roots with a diameter of >1 mm were removed, and
soil samples separated into three increments (0-5, 5-15, and 15-25 cm)
were preincubated at room temperature for 5 days so that respired CO,
represented decomposition of soil organic carbon rather than root exu-
dates, remaining roots, and mycorrhizae (Hogberg et al., 2001). Soils of
deeper layers (25-75 cm) were taken in May 2009 and cut into five sec-
tions in 10 cm intervals. Roots with a diameter of >1 mm were removed
and soils were incubated at room temperature for 10 days to stabilize
microorganisms after thaw. R, rates of each depth were measured,
jar headspace was scrubbed using soda lime, and soils were incubated
under aerobic conditions for 12-72 hr to accumulate 1/8 mmol of CO,,.
Then A™C was analyzed as described in the previous section.

At Chersky, six soil cores down to the current TDs were taken
from each transect in July 2014, and two cores were combined to
produce three sets per transect. Each set of cores was divided into
3-4 increments at 7.5 cm intervals. Roots with a diameter of >1 mm
were removed, and soils were transferred into beakers and then into
1 L glass jars with distilled water to maintain constant moisture. Soils
were preincubated at room temperature for 5 days to minimize the
effects of respiration by root exudates, remaining roots, and mycor-
rhizae (H6gberg et al., 2001). The headspace air was scrubbed using
soda lime, and then incubated at room temperature under aerobic
conditions. R, rates of each depth were measured at the beginning
of the incubation, and incubation lasted up to 4 weeks until the

amount of carbon accumulated in the jar reached 1/8 mmol of CO,,.
Then AC was analyzed as described in the previous section.

To obtain A¥C of autotrophic end-members (AMCRa; aboveground
and belowground combined) both for Healy and Chersky, we added
1%o to the A™C values of atmospheric CO, measured at each site
because A”CRa have been shown to be on average 1%, more en-
riched compared to those of atmospheric CO, (Hicks Pries, Schuur, &
Crummer, 2013). Though dominant vegetation species in Chersky are
different from those in Healy, both sites are dominated by the same
genera of Carex and Eriophorum species—sedges that respire recent
carbon (Hicks Pries et al., 2013), as opposed to woody plants whose
roots respire a mixture of young and old carbon (Czimczik, Trumbore,
Carbone, & Winston, 2006; Schuur & Trumbore, 2006).

2.5 | Source partitioning

For the partitioning, mean and standard deviation of each source's
AYC were calculated. We divided soil samples into two catego-
ries, surface soil (0-15 cm) and deep soil (below 15 cm from the
ground surface and down to frozen soil at the time of gas sam-
pling), because respired CO, from these depth increments have

distinctly different ages. AC of surface soils (A'C mod-

surface;
ern soil carbon) were enriched due to the “bomb effect” since the
1960s, while A¥C of deep soils (A"Cy,;
depleted. To calculate A¥C and A¥C

we averaged A™C values of each soil depth weighted by its respi-

old soil carbon) were

from a single core,

surface deep

ration rate that was corrected for average monthly soil tempera-
ture using a Q,, value of 2.5 (Bracho et al., 2016; Hicks Pries et
al., 2013, 2015). Mean and standard deviation were acquired from
soil core replicates (Supplementary Table S2). The standard devia-
tions of A14CRal were obtained from plant incubations conducted in
Hicks Pries et al. (2013; Supplementary Table S2).

We used Stable Isotope Analysis in R (SIAR, cran.r-project.org/

eco tO its three

web/packages/siar/index.html) to partition A¥C of R
sources, that is, surface soil, deep soil, and autotrophs (Parnell, Inger,
Bearhop, & Jackson, 2010). The partitioning was performed for each
plot (each AC of R.., value) separately using noninformative priors.
The SIAR method uses the Markov Chain Monte Carlo method to
produce probability distributions of each source's contribution. To
estimate the contributions of surface soil, deep soil, and autotrophs

toR___, the following two equations were used:

eco’

A14CReco = fsurface : AMCsurface +fdeep : A14Cdeep + fRa : A14CRa (2)

1= 1:surface +fdeep +fRa (0 < fsurface' fdeep’ 1:Ra < 1) (3)

where A'Cs are A™C values of R, and each source, and f is the
fractional contribution of each source to R, . We estimated the
mean f-values based on 10,000 possible f-values for source contri-
butions (Supplementary Fig. S1). Using one type of isotope to con-
strain three unknown f-values may produce uncertain results, but
the range of uncertainty strongly depends on the similarity of source
isotopic signatures (Phillips & Gregg, 2003). In this study, the three

source signatures used in partitioning were distinct at both sites


http://cran.r-project.org/web/packages/siar/index.html
http://cran.r-project.org/web/packages/siar/index.html

KWON ET AL.

(Supplementary Table S2), and sensitivity tests revealed robust re-
sults (Phillips & Gregg, 2003).

2.6 | Data analysis

An analysis of variance (ANOVA) and a t test were performed
to investigate whether drying and warming treatment signifi-

cantly influenced A%C as well as contributions of surface

Reco’
soil, deep soil, and autotrophs to R, at Healy and at Chersky,
respectively. For Healy, the ANOVAs had treatments (drying
and warming) and years as fixed effects, with blocks as random
effects. When significant differences were found, Tukey's post
hoc tests followed.

Because the magnitude of the drying treatment effects var-
ied across plots at Healy, we also carried out multiple regression
mixed effects model in R. This additional analysis also allowed us
to examine the environmental drivers of A¥C
tributions. A*C
ronmental variables were normally distributed after excluding two
outlier data points that had A'C

Reco @Nd source con-

recor the contributions of three sources, and envi-

Reco /€55 than -50%o. (out of range

of mean + 3-SD). To avoid including variables with large collinearity,

a variance inflation factor was checked (cutoff: 5). The predictor
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variables included year, treatment, VWC, WTD, TD, and soil tem-
peratures at 5, 10, 20, and 40 cm depths. Among all the variables, sig-
nificant explanatory variables were selected, including interactions
of any two variables, using the leaps package in R (leaps, cran.r-proj-
ect.org/package=leaps). With these selected variables, the structure
of random factors, that is, blocks, was chosen, and then the best
fitting set of predictors were selected using a backward selection
method (Zuur, leno, Walker, Saveliev, & Smith, 2009). The residuals
were visually checked to ensure that assumptions of normality and
homoscedasticity were met and there were no unexplained patterns
in the data. All data analyses were carried out in R version 3.3.2 (R
Development Core Team, 2013).

3 | RESULTS

Following drainage at Chersky, the water table decreased by approxi-
mately 20 cm in summer of 2013 (t test; t = -4.55, p < 0.001), but this
difference was reduced to 6 cm at the time of gas samplings in August
2014 due to several heavy rain days in late July and delayed drain-
age (ttest; t = -1.60, p = 0.16; Supplementary Table S1). The oldest
A¥c

Reco (lower abundance of *C; depleted A™C) was observed in the

80 |
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“ A
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FIGURE 1 A“CReco and contributions of surface soil (0-15 cm; modern soil carbon), deep soil (below 15 cm up to permafrost table; old
soil carbon), and autotrophs to R, .. (a) AMCRECO (mean + SE, large symbols) and individual measurements (small points) of each year and site.

Contributions of (b) surface soil, (c) deep soil, and (d) autotrophs to R

Healy were drawn by year because the absolute AMCReco

eco

(mean + SE). Linear regression lines and confidence intervals for
values were affected by atmospheric A14C-C02, which decreases over time
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control plots in Chersky, where soils were wettest (Figure 1). A14CRECO
in the drained plots became more enriched compared to those in the
control plots (t test; t = -2.97, p < 0.01; Figure 1a) due to increased
contributions of surface soil (modern soil carbon) and autotrophs to
R, (t test; surface soil, t =-2.88, p <0.05; autotrophs, t = -2.23,
p < 0.05; Figure 1b,d), and decreased contributions of deep soil (old
soil carbon; t test; t = 3.26, p < 0.01; Figure 1c).

There was no significant difference among treatments at Healy
in A14CRECO (ANOVA; all showed p > 0.05) or in the contributions
of each source to R, (ANOVA; all showed p >0.05). However,
when soil moisture was treated as a continuous variable, drier

soil conditions led to more enriched AC, at Healy (Figure 1a,

Reco
Supplementary Table S3). Similarly, the contribution of each source
to R, , was also linked to variations in VWC: VWC was negatively

correlated with contributions of surface soil to R while there

eco’
was a positive trend between VWC and deep soil contributions
(Figure 1b-d, Supplementary Table S4).

Soil water content was increased and TDs were deepened as
a result of the warming treatment at Healy (Supplementary Table
S1), and these changes depleted A'C

bon was released (Supplementary Table S3 & S4). However, when

Recor that is, more old car-
warming was combined with drying, warming effects were partially
suppressed: under the same VWC conditions drying treatment
showed larger contributions of surface soil but smaller contribu-

tions of deep soil to R, in comparison to drying and warming

o
treatment (mixed effects model; surface soil, increase in the in-
tercept from 47.1 to 57.8; deep soil, decrease in the intercept from
19.6 to 6.5).

Besides water table, E. angustifolium cover at Chersky that
showed difference between treatments (t test; t = 2.13, p < 0.05)

significantly correlated with A*C (Spearman's correlation;

Reco
r,=-0.76, p < 0.001) and the contributions of deep soil to R,
(Spearman's correlation; r,=0.75,p < 0.001; Figure 2). Water table
and E. angustifolium cover were correlated as well (Spearman's cor-
relation; r = 0.72, p < 0.001). We did not observe a considerable
change in plant biomass of dominant species or normalized dif-
ference vegetation index (NDVI) by VWC in Healy (mixed effects
models; all showed p > 0.5) and no significant modifications in
contributions of R, to R, due to VWC variations (mixed effects
models; p > 0.5; Figure 1d; Supplementary Table S4).

In Healy, soils were warmer at the surface (mixed effects model;
5cm; 2012, p < 0.001; 2013, p < 0.001; 10 cm; 2012, p < 0.001; 2013,
p <0.001; 20 cm; 2012, p = 0.09; 2013, p < 0.001; Figure 3a-b) and
colder in deeper layers (mixed effects model; 40 cm; 2012, p < 0.001;
2013, p < 0.01; Figure 3a-b) as soils were drier. Changes in water table
at Chersky also showed similar trends: warmer at shallow soil layers
(mixed effects model; 5 cm; p = 0.08; Figure 3c) but colder in deeper
soil layers (mixed effects model; 15cm; p <0.05; 25cm; p < 0.01;
35 cm; p < 0.01; Figure 3c).

Drier conditions increased R, rates in August at Healy
(Supplementary Table S5; Figure 4a-b). We estimated respiration
rates of each source by multiplying R, . rates by the source pro-
portions, and found that drier conditions were associated with

increasing contributions of modern soil carbon and autotrophs while
decreasing contributions of deep soil carbon (Supplementary Table
S6; Figure 4a-b). Similarly, drainage in the wet tundra ecosystem
increased R, rates by 15% in August although several heavy rain
days offset the difference in water table between the control and
the drained plots (Figure 4c). The increase in R, was due to en-
hanced decomposition of modern soil carbon in shallow layers and
autotrophic respiration (t test; surface soil, t = -4.68, p < 0.001; au-
totrophs, t test; t = -3.19, p < 0.01; Figure 4c) in spite of the reduced
decomposition rates of deep soil carbon in the dried plots (t test;
t = 3.75, p < 0.01; Figure 4c).

4 | DISCUSSION

4.1 | Effects of drier soil conditions

Drying, resulting in a decrease in soil water content, in moist and
wet tundra affected the age of respired CO, to the atmosphere. Due
to vertical drainage of water within soil layers and the presence of
permafrost belowground, the extent of changes in soil water content
was larger in surface soil layers than in deep soil layers close to the
permafrost table. As a result of more aerobic conditions especially in
shallow soil layers, the decomposition rates of these layers increased
(Lee, Schuur, Inglett, Lavoie, & Chanton, 2012; Schidel et al., 2016),
where modern soil carbon is abundant, and, thus, the age of respired
CO, became younger. Contributions of R, to R, also increased by
drier soil conditions because when excess water is removed from
moist or wet soils, plant species that tolerate waterlogged condi-
tions but favor unsaturated conditions photosynthesize and respire
more actively (Chapin et al., 2012; Saltmarsh, Mauchamp, & Rambal,
2006). The effects of drying on A¥C

each source to R, at Healy were not as pronounced as at Chersky

Reco @nd the contributions of
because of an originally less wet condition than Chersky, a less severe
drying treatment, and overlapping ranges of soil moisture conditions
among treatments due to heterogeneous micro-topography of the
site. Nevertheless, drier soil conditions—variations in VWC—showed
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FIGURE 2 Contributions of deep soil (below 15 cm up to
permafrost table; old soil carbon) at Chersky in relation to
Eriophorum angustifolium cover, which is abundant in wet areas
(mean + SE)
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FIGURE 3 Relationships between volumetric water content (%) at 0-20 cm and soil temperature (a, b) at 5, 10, 20 and 40 cm at Healy or
(c) water table (cm) and soil temperature at 5, 15, 25, and 35 cm at Chersky, with darker shading representing shallower soil depths. Water
table was described relative to the soil surface, with values >0 cm denoting water standing above the soil surface. Statistical significance of

mixed effects models is presented with asterisks (*p < 0.05, **p < 0.01, ***p < 0.001) next to regression lines. Data are from 12:00-18:00 LT
in August each year and averaged on a daily basis

larger contribution of rﬁodern.s.oﬂ carbc.)n |T1 shallovs'/ soil Iay'/ers to 4.2 | Effects of soil temperature changes
R.., due to more aerobic conditions, which is well aligned with the
results from Chersky.

Warming affected A™Cp,., and the source contributions, that
is, more depleted A”CReCo and reduced contributions of modern
soil carbon, as reported in previous studies (Hicks Pries et al., 2013;
Schuur et al., 2009) through ground subsidence and wetter soil con-

ditions (Jorgenson et al., 2006; O'Donnell et al., 2012; Osterkamp et

If drainage only converted deep soil conditions from anaerobic to
aerobic, decomposition rates of older soil carbon in these layers
would have been enhanced as well because soil carbon in deep soil
layers, even in mineral soils or permafrost soils, have been shown
to be as easily decomposable as organic soil carbon in shallow lay-
ers under aerobic conditions (Knoblauch, Beer, Sosnin, Wagner, &

al., 2009). However, when warming was combined with drying, dry-
ing offset warming effects by removing excess soil water in surface
soil. The net effects of warming and drying will depend on the inten-
sity of each phenomenon, but the results of this study emphasize
that warming and re-distribution of soil water (drying or wetting) due
to warming in permafrost regions alter sources of respired CO,, and
have the potential to counterbalance one another's effects.

Pfeiffer, 2013; Schidel et al., 2014). However, the proportion of
deep soil contribution decreased, while that of surface soil contribu-
tion increased following drainage, partly a result of drying effects on
soil temperature. Both heat capacity (Abu-Hamdeh, 2003; Lakshmi,
Jackson, & Zehrfuhs, 2003) and thermal conductivity (Abu-Hamdeh,
2003) of organic soil decrease with water content. Because of this,

shallow soil layers were warmed during the daytime, but the heat

Healy Chersky
(a) 2012 (b) 2013 (c) 2014
100 100 100
Autotrophs
— k) - .
‘T‘E 75 — ‘E 75 — (T‘E 75 — . Deep soil
3) o 3) :
8 N ! 1 . Surface soil
e} (e} Ny o) *k
o 507 O 50 $ 50
o Al o eo—nfA_A o 2 | b
g ° - ‘0 ¢ £ -« 4" - E’ m  Control
8 25| HoefAm © g 25 ek !q A 8 25 ® Drained
o F‘h 4 [J & Tk
] A ° u A Drained + warmed
0 T T T T 01 \ ‘ : 0 ¢ Warmed
T T
30 40 50 60 30 40 50 60 Control Drained
Volumetric water content (%) Volumetric water content (%) Treatment

FIGURE 4 R_ with partitioned sources (mean + SE). R

co data are from 1 to 20 August each year and multiplied with the contributions
of three sources, that is, surface soil, deep soil, and autotrophs. Three sources of Healy are stacked by plot, so R

«co Values of autotrophs

represent the sum of three sources. Statistical significance for Chersky are presented with asterisks (t test; **p < 0.01; ***p < 0.001) next to

each source, top: autotrophs, middle: deep soil, bottom: surface soil
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energy could not be transferred to deeper soil layers due to poor
thermal conductivity, keeping the deeper soil layers colder. These
findings imply that drying of moist or wet tundra ecosystems and
subsequent changes in soil temperatures in the growing season may
accelerate decomposition of young soil carbon in shallow soil layers
but preserve old soil carbon pools in deep layers and, potentially, in
permafrost. Additionally, warmer surface soil temperature may fur-
ther contribute to raising plant respiration rates (Atkin & Tjoelker,
2003; Dorrepaal et al., 2009; Smith & Dukes, 2013), especially res-
piration rates of roots, which are exposed to warmer surface soil
temperatures (Atkin, Edwards, & Loveys, 2000). For a larger spatial
scale, however, the relationship between soil moisture and tempera-
ture needs to be interpreted with caution, because it depends on the
balance between heat capacity and thermal diffusivity, the degree of
soil moisture change in both organic and mineral soil layers, and the
thickness of organic layers that serve as an insulator (Loranty et al.,
2018; Rouse, Carlson, & Weick, 1992).

4.3 | Effects of plant changes

Continued severe drought may lead to mortality of plant species
that are present in moist and wet tundra, changing plant commu-
nity structure and aboveground biomass (Saltmarsh et al., 2006).
E. vaginatum and E. angustifolium, which are dominant in Healy
and Chersky, respectively, are not tolerant to prolonged drought
(Phillips, 1954; Wein, 1973). As a result, a decade-long drainage in
Chersky decreased E. angustifolium abundance but increased shrub
abundance and aboveground plant biomass (Kwon et al., 2016), and,
thus, increased the contributions of R, to R, . This implies that long-
term drainage and the subsequent changes in plant communities and
biomass alter plant contributions to R, .. Furthermore, changes in
plant productivity and composition may alter the rates and contribu-
tions of R, to R, through root exudates, litter quantity, and litter
quality (Chapin et al., 2012). Addition of labile carbon and nitrogen
(components of root exudates) usually enhances R, rates in organic
soils where roots are abundant (Lavoie, Mack, & Schuur, 2011; Wild
etal., 2016, 2014), and the effects can be more prominent in perma-
frost soils (Pegoraro et al., 2019). If drying decreases TD, as shown in
this study, denser roots in shallow soil layers and more root exudates
may enhance modern soil carbon decomposition, while reducing
old soil carbon decomposition. However, if warming and drying in-
creases the thawed layer and roots are growing in deeper soil layers,
decomposition of old soil carbon may be also accelerated. No signifi-
cant changes in vegetation composition or biomass were observed
at Healy due to less severe drying treatment effects over a relatively
short period of time, but consistently drier conditions may modify
plant communities and productivity, influencing R, contributions
to R, In particular, if mosses and lichens are replaced by vascular
plants, which are more productive and have higher aboveground and
belowground biomass, contributions of R, to R, would be expected
to increase.

Given the fact that the abundance of E. angustifolium increased
with water table, correlations between E. angustifolium abundance
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and AMCRECO, as well as the contributions of deep soil respiration to
R...» may reflect the indirect effects of long-term water table con-

dition on these signals. In addition, the decreased abundance of E.
angustifolium with a concurrent increase in total aboveground plant
biomass following drainage (Kwon et al., 2016) as well as abovemen-
tioned drainage effects promoted decomposition of surface soil and
autotrophic respiration. Together, this may partially have driven the
negative correlation between the abundance of E. angustifolium and
contribution of deep soil respiration. However, the independent role
of E. angustifolium in changing A¥C patterns should be taken into ac-
count. Although the amount of CO, measured using a plant chamber
included both plant-mediated CO, transport and R, the amounts of
CO, and CH, transported through E. angustifolium were positively
correlated with one another (Supplementary Fig. S2), implying that
some proportion of R, at Chersky may be linked to the release of
CO, from deep soil layers through aerenchyma of E. angustifolium
(Colmer, 2003). In addition, E. angustifolium invests a substantial
amount of energy and materials to produce deep roots each year,
and its roots respire more than other graminoids that have similar
aboveground morphology and metabolism (Billings, Peterson, &
Shaver, 1978). These roots may have provided oxygen in deep soil
layers and enhanced decomposition rates, and transported soil gas
to the atmosphere. Because the abundance of aerenchymatous
plants is sensitive to soil water conditions (Andresen, Lara, Tweedie,
& Lougheed, 2017; Kwon et al., 2017), a decrease in the abundance
of these plants may have partly contributed to a reduced amount
of old CO, contributing to R, in dried plots. This result highlights
the importance of plant composition in determining old soil carbon
losses, which has not been shown previously.

5 | IMPLICATIONS AND FURTHER
STUDIES

A combination of different local conditions, such as soil hydrology,
adapted vegetation composition, moss or organic soil layer thick-
ness, and distribution of ground ice, and the intensity of warming
and drying may yield varying consequences. In this study, a low and
a high intensity of drying scenarios following warming were tested
in moist and wet tundra. Not only the primary effects of drying (drier
soil conditions) but also secondary effects of modified soil tempera-
tures at different soil layers as well as plant biomass and community
composition resulted in increased contributions of modern soil car-
bon and autotrophs, but decreased contributions of old soil carbon
to ecosystem respiration. The results of this study emphasize the
role of hydrology and a number of related environmental charac-
teristics on the source contributions to ecosystem respiration in the
warming Arctic.

The two manipulation experiments in this study mimicked drier
conditions due to enhanced evapotranspiration and ice-wedge
degradation in the warming scenarios, but did not directly increase
evapotranspiration rates or warm topsoil to melt ice wedges. If such
changes occurred simultaneously, contributions of autotrophic
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respiration and surface soil decomposition to ecosystem respiration
would have been higher (Dorrepaal et al., 2009). In addition, if these
changes involve permafrost degradation, warmer deep soil tempera-
tures and the release of nutrients, such as nitrogen that is limiting
plant productivity (Salmon et al., 2016), would increase contribu-
tions of deep soil decomposition as well as autotrophic respiration
(Hicks Pries et al., 2016, 2015). Further studies that involve diverse
warming and drying scenarios may supplement the results obtained
in this study.

Our results are based on observations made in August at both
sites, when TDs at the two sites are ca. 5-10 cm shallower than
the maximum TDs in September, and when plant activities are
lower compared to July (NDVI and EVI showing the highest values
around July 25 at both sites). Because the highest soil tempera-
tures in shallow and deep soil layers and the highest plant activi-
ties occur at different times, the contributions of each source to
R.., may vary over the growing season (Hicks Pries et al., 2013).
In addition, nongrowing season processes will need to be included
to examine the net effects of drainage on year-round R, rates
and the source of their changes. Because nongrowing season R,
contributes substantially to the annual CO, balance (Commane et
al.,, 2017; Coyne & Kelley, 1971; Webb et al., 2016; Zimov et al.,
1996, 1993), additional studies on how drainage affects R, rates
and sources during the nongrowing season will improve our un-
derstanding of the stability of permafrost and active layer carbon
pools under climate change.

Previous studies have shown that permafrost degradation fol-
lowing warming increases decomposition rates in deep soil layers
(Hicks Pries et al., 2013, 2016; Schuur et al., 2009). The warming
treatment at Healy confirmed these mechanisms, but the effects
were offset when warming was combined with drying. Permafrost
regions in the Arctic are forecast to become warmer (Kirtman et
al., 2013; Overland, Wang, Walsh, & Stroeve, 2014), and R.., and
old carbon loss rates (Hicks Pries et al., 2016) may increase (Schuur
et al., 2015). Our findings show that drying may increase R, rates
while decreasing the decomposition of old soil. In other words, dry-
ing in moist and wet tundra may intensify turnover rates of surface
soil carbon pools together with enhanced photosynthetic activities
(Natali et al., 2015), but reduce decomposition of old carbon stored
in permafrost (Hugelius et al., 2014; Schuur et al., 2015). Re-distri-
bution of surface water and interactions between ground thaw and
hydrologic changes need to be taken into account to improve pre-
dictions of the response of tundra ecosystems to climate change and

the susceptibility of carbon pools at different soil depths.

ACKNOWLEDGEMENTS

This work has been supported by the European Commission
(PAGE21 project, FP7-ENV-2011, grant agreement no. 282700;
PerCCOM project, FP7-PEOPLE-2012-CIG, grant agreement no.
PCIG12-GA-2012-333796), the German Ministry of Education and
Research (CarboPerm-Project, BMBF grant no. 03G0836G), the
International MaxPlanck Research Schoolfor Global Biogeochemical

Giobal Change Bilosy MV TR SV

Cycles (IMPRS-gBGC), the AXA Research Fund (PDOC_2012_
W2 campaign, ARF fellowship M. Gdckede), and the Ministry of
Science and ICT and the National Research Foundation of Republic
of Korea (2016M1A5A1901769; KOPRI-PN18081) for the Chersky
experiment. In addition, this work was based in part on support
provided by the following programs for the Alaska experiment: U.
S. Department of Energy, Office of Biological and Environmental
Research, Terrestrial Ecosystem Science (TES) Program, Award
#DE-SC0006982 and updated with DE-SC0014085 (2015-
2018); National Science Foundation CAREER program, Award
#0747195; National Parks Inventory and Monitoring Program;
National Science Foundation Bonanza Creek LTER program, Award
#1026415; National Science Foundation Office of Polar Programs,
Award #1203777 and #1312402. The authors appreciate NESS
staff members, especially Galina Zimova, Nastya Zimova, and
Vladimir Tatayev, as well as Marguerite Mauritz, Elaine Pegoraro,
Martin Hertel, Frank Voigt, Waldemar Ziegler, Andrew Durso, and
the Freiland group members of MPI-Biogeochemistry.

ORCID

Min Jung Kwon https://orcid.org/0000-0002-7330-2320

REFERENCES

Abbott, B. W.,, & Jones, J. B.(2015). Permafrost collapse alters soil carbon
stocks, respiration, CH,, and N,O in upland tundra. Global Change
Biology, 21, 4570-4587.

Abu-Hamdeh, N. H. (2003). Thermal properties of soils as affected by
density and water content. Biosystems Engineering, 86, 97-102.
https://doi.org/10.1016/51537-5110(03)00112-0

Andresen, C. G, Lara, M. J,, Tweedie, C. E., & Lougheed, V. L. (2017).
Rising plant-mediated methane emissions from Arctic wetlands.
Global Change Biology, 23, 1128-1139. https://doi.org/10.1111/
gch.13469

Atkin, O. K., Edwards, E. J., & Loveys, B. R. (2000). Response of
root respiration to changes in temperature and its relevance to
global warming. The New Phytologist, 147, 141-154. https://doi.
org/10.1046/j.1469-8137.2000.00683.x

Atkin, O.K., & Tjoelker, M. G.(2003). Thermal acclimation and the dynamic
response of plant respiration to temperature. Trends in Plant Science,
8, 343-351. https://doi.org/10.1016/51360-1385(03)00136-5

Avis, C. A., Weaver, A. J., & Meissner, K. J. (2011). Reduction in areal
extent of high-latitude wetlands in response to permafrost thaw.
Nature Geoscience, 4, 444-448. https://doi.org/10.1038/ngeo1160

Bauer, J. E., Williams, P. M., & Druffel, E. R. M. (1992). Recovery of sub-
milligram quantities of carbon dioxide from gas streams by molec-
ular sieve for subsequent determination of isotopic carbon-13 and
carbon-14 natural abundances. Analytical Chemistry, 64, 824-827.
https://doi.org/10.1021/ac00031a024

Billings, W. D., & Peterson, K. M., Shaver, G. R. (1978). Growth, turnover,
and respiration rates of roots and tillers in tundra graminoids. In L. L.
Tieszen (Ed.), Vegetation and production ecology of an Alaskan Arctic
Tundra (pp. 415-434). New York: Springer-Verlag.

Bracho, R., Natali, S., Pegoraro, E., Crummer, K. G., Schadel, C., Celis,
G., ... Schuur, E. A. G. (2016). Temperature sensitivity of organic
matter decomposition of permafrost-region soils during labora-
tory incubations. Soil Biology and Biochemistry, 97, 1-14. https://doi.
org/10.1016/j.s0ilbio.2016.02.008


https://orcid.org/0000-0002-7330-2320
https://orcid.org/0000-0002-7330-2320
https://doi.org/10.1016/S1537-5110(03)00112-0
https://doi.org/10.1111/gcb.13469
https://doi.org/10.1111/gcb.13469
https://doi.org/10.1046/j.1469-8137.2000.00683.x
https://doi.org/10.1046/j.1469-8137.2000.00683.x
https://doi.org/10.1016/S1360-1385(03)00136-5
https://doi.org/10.1038/ngeo1160
https://doi.org/10.1021/ac00031a024
https://doi.org/10.1016/j.soilbio.2016.02.008
https://doi.org/10.1016/j.soilbio.2016.02.008

KWON ET AL.

© L wiLey- KT

Chapin, F. S. lll, Matson, P. A., & Vitousek, P. (2012). Plant carbon bud-
gets. Principles of terrestrial ecosystem ecology (pp. 157-182). New
York: Springer.

Colmer, T. D. (2003). Long-distance transport of gases in plants:
A perspective on internal aeration and radial oxygen loss
from roots. Plant, Cell and Environment, 26, 17-36. https://doi.
org/10.1046/j.1365-3040.2003.00846.x

Commane, R., Lindaas, J., Benmergui, J., Luus, K. A., Chang, R.-W., Daube,
B. C., ... Wofsy, S. C. (2017). Carbon dioxide sources from Alaska
driven by increasing early winter respiration from Arctic tundra.
Proceedings of the National Academy of Sciences of the United States of
America, 114,5361-5366. https://doi.org/10.1073/pnas.1618567114

Coyne, P. I, & Kelley, J. J. (1971). Release of carbon dioxide from fro-
zen soil to the Arctic atmosphere. Nature, 234, 407-408. https://doi.
org/10.1038/234407a0

Czimczik, C. I., Trumbore, S. E., Carbone, M. S., & Winston, G. C.
(2006). Changing sources of soil respiration with time since fire
in a boreal forest. Global Change Biology, 12, 957-971. https://doi.
org/10.1111/j.1365-2486.2006.01107.x

Dorrepaal, E., Toet, S., van Logtestijn, R. S. P., Swart, E., van de Weg, M.
J., Callaghan, T. V., & Aerts, R. (2009). Carbon respiration from sub-
surface peat accelerated by climate warming in the subarctic. Nature,
460, 616-619. https://doi.org/10.1038/nature08216

Estop-Aragonés, C., Cooper, M. D. A., Fisher, J. P,, Thierry, A., Garnett,
M. H., Charman, D. J,, ... Hartley, I. P. (2018). Limited release of pre-
viously-frozen C and increased new peat formation after thaw in
permafrost peatlands. Soil Biology and Biochemistry, 118, 115-129.
https://doi.org/10.1016/j.s0ilbio.2017.12.010

Hicks Pries, C. E., Schuur, E. A. G., & Crummer, K. G. (2013). Thawing
permafrost increases old soil and autotrophic respiration in tun-
dra: Partitioning ecosystem respiration using 8*3C and AC. Global
Change Biology, 19, 649-661.

Hicks Pries, C. E., Schuur, E. A. G., Natali, S. M., & Crummer, K. G. (2016).
Old soil carbon losses increase with ecosystem respiration in experi-
mentally thawed tundra. Nature Climate Change, 6, 214-218.

Hicks Pries, C. E., van Logtestijn, R. S. P., Schuur, E. A. G., Natali, S. M,
Cornelissen, J. H. C., Aerts, R., & Dorrepaal, E. (2015). Decadal warm-
ing causes a consistent and persistent shift from heterotrophic to
autotrophic respiration in contrasting permafrost ecosystems. Global
Change Biology, 21, 4508-4519. https://doi.org/10.1111/gcb.13032

Hogberg, P., Nordgren, A., Buchmann, N., Taylor, A. F. S., Ekblad, A,
Hogberg, M. N., ... Read, D. J. (2001). Large-scale forest girdling
shows that current photosynthesis drives soil respiration. Nature,
411, 789-792. https://doi.org/10.1038/35081058

Huang, J., Zhang, X., Zhang, Q., Lin, Y., Hao, M., Luo, Y., ... Zhang, J. (2017).
Recently amplified arctic warming has contributed to a continual
global warming trend. Nature Climate Change, 7, 875-879. https://
doi.org/10.1038/s41558-017-0009-5

Hugelius, G., Strauss, J., Zubrzycki, S., Harden, J. w., Schuur, E. a. g.,
Ping, C.-I,, ... Kuhry, P. (2014). Estimated stocks of circumpolar per-
mafrost carbon with quantified uncertainty ranges and identified
data gaps. Biogeosciences, 11, 6573-6593. https://doi.org/10.5194/
bg-11-6573-2014

Jorgenson, M. T., Shur, Y. L., & Pullman, E. R. (2006). Abrupt increase
in permafrost degradation in Arctic Alaska. Geophysical Research
Letters, 33, L02503. https://doi.org/10.1029/2005GL024960

Kirtman, B., Power, S. B., Adedoyin, J. A., Boer, G. J., Bojariu, R., Camilloni,
I., ... Wang, H. J.(2013). Near-term Climate Change: Projections and
Predictability. In T. F. Stocker, D. Qin, G.-K. Plattner, M. M. B. Tignor,
S. K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex, & P. M. Midgley
(Eds.), Climate change 2013: The physical science basis. Contribution of
working group | to the fifth assessment report of the intergovernmental
panel on climate change (pp. 953-1028). Cambridge and New York:
Cambridge University Press.

Knoblauch, C., Beer, C., Sosnin, A., Wagner, D., & Pfeiffer, E.-M. (2013).
Predicting long-term carbon mineralization and trace gas production
from thawing permafrost of Northeast Siberia. Global Change Biology,
19,1160-1172. https://doi.org/10.1111/gcb.12116

Kwon, M. J,, Beulig, F., llle, I., Wildner, M., Kisel, K., Merbold, L., ...
Gockede, M. (2017). Plants, microorganisms and soil temperatures
contribute to a decrease in methane fluxes on a drained Arctic flood-
plain. Global Change Biology, 23,2396-2412. https://doi.org/10.1111/
gch.13558

Kwon, M. J., Heimann, M., Kolle, O.,Luus, K. A., Schuur, E. A. G., Zimov, N.,
... Géckede, M. (2016). Long-term drainage reduces CO, uptake and
increases CO, emission on a Siberian floodplain due to shifts in veg-
etation community and soil thermal characteristics. Biogeosciences,
13,4219-4235.

Lakshmi, V., Jackson, T. J., & Zehrfuhs, D. (2003). Soil moisture-tempera-
ture relationships: Results from two field experiments. Hydrological
Processes, 17, 3041-3057. https://doi.org/10.1002/hyp.1275

Lavoie, M., Mack, M. C., & Schuur, E. A. G. (2011). Effects of elevated ni-
trogen and temperature on carbon and nitrogen dynamics in Alaskan
arctic and boreal soils. Journal of Geophysical Research, 116, GO3013.
https://doi.org/10.1029/2010JG001629

Lawrence, D. M., Koven, C. D., Swenson, S. C., Riley, W. J., & Slater, A.
G. (2015). Permafrost thaw and resulting soil moisture changes reg-
ulate projected high-latitude CO, and CH,, emissions. Environmental
Research Letters, 10, 094011.

Lee, H., Schuur, E. A. G., Inglett, K. S., Lavoie, M., & Chanton, J. P. (2012).
The rate of permafrost carbon release under aerobic and anaerobic
conditions and its potential effects on climate. Global Change Biology,
18, 515-527. https://doi.org/10.1111/j.1365-2486.2011.02519.x

Liljedahl, A. K., Boike, J., Daanen, R. P.,, Fedorov, A. N., Frost, G. V,,
Grosse, G., ... Zona, D. (2016). Pan-Arctic ice-wedge degradation in
warming permafrost and its influence on tundra hydrology. Nature
Geoscience, 9, 312-318. https://doi.org/10.1038/nge02674

Loranty, M. M., Abbott, B. W., Blok, D., Douglas, T. A., Epstein, H. E.,
Forbes, B. C., ... Walker, D. A. (2018). Reviews and syntheses:
Changing ecosystem influences on soil thermal regimes in northern
high-latitude permafrost regions. Biogeosciences, 15, 5287-5313.
https://doi.org/10.5194/bg-15-5287-2018

Merbold, L., Kutsch, W. L., Corradi, C., Kolle, O., Rebmann, C., Stoy, P.
C., ... Schulze, E.-D. (2009). Artificial drainage and associated carbon
fluxes (CO,/CH,) in a tundra ecosystem. Global Change Biology, 15,
2599-2614. https://doi.org/10.1111/j.1365-2486.2009.01962.x

Natali, S. M., Schuur, E. A. G., Mauritz, M., Schade, J. D., Celis, G.,
Crummer, K. G., ... Webb, E. E. (2015). Permafrost thaw and soil
moisture drive CO2 and CH4 release from upland tundra. Journal of
Geophysical Research: Biogeosciences, 120, 525-537.

O’Donnell, J. A, Jorgenson, M. T., Harden, J. W., McGuire, A. D.,
Kanevskiy, M. Z., & Wickland, K. P. (2012). The effects of perma-
frost thaw on soil hydrologic, thermal, and carbon dynamics in an
Alaskan peatland. Ecosystems, 15, 213-229. https://doi.org/10.1007/
s10021-011-9504-0

Oechel, W. C., Vourlitis, G. L., Hastings, S. J., Ault, R. P.,, & Bryant, P. (1998).
The effects of water table manipulation and elevated temperature on
thenetCO, fluxofwetsedgetundraecosystems.Global ChangeBiology,
4,77-90. https://doi.org/10.1046/j.1365-2486.1998.00110.x

Osterkamp, T. E., Jorgenson, M. T., Schuur, E. A. G., Shur, Y. L., Kanevskiy,
M. Z., Vogel, J. G., & Tumskoy, V. E. (2009). Physical and ecological
changes associated with warming permafrost and thermokarst in
Interior Alaska. Permafrost and Periglacial Processes, 20, 235-256.
https://doi.org/10.1002/ppp.656

Overland, J. E., Wang, M., Walsh, J. E., & Stroeve, J. C. (2014). Future
Arctic climate changes: Adaptation and mitigation time scales. Earth’s
Future, 2, 68-74. https://doi.org/10.1002/2013EF000162


https://doi.org/10.1046/j.1365-3040.2003.00846.x
https://doi.org/10.1046/j.1365-3040.2003.00846.x
https://doi.org/10.1073/pnas.1618567114
https://doi.org/10.1038/234407a0
https://doi.org/10.1038/234407a0
https://doi.org/10.1111/j.1365-2486.2006.01107.x
https://doi.org/10.1111/j.1365-2486.2006.01107.x
https://doi.org/10.1038/nature08216
https://doi.org/10.1016/j.soilbio.2017.12.010
https://doi.org/10.1111/gcb.13032
https://doi.org/10.1038/35081058
https://doi.org/10.1038/s41558-017-0009-5
https://doi.org/10.1038/s41558-017-0009-5
https://doi.org/10.5194/bg-11-6573-2014
https://doi.org/10.5194/bg-11-6573-2014
https://doi.org/10.1029/2005GL024960
https://doi.org/10.1111/gcb.12116
https://doi.org/10.1111/gcb.13558
https://doi.org/10.1111/gcb.13558
https://doi.org/10.1002/hyp.1275
https://doi.org/10.1029/2010JG001629
https://doi.org/10.1111/j.1365-2486.2011.02519.x
https://doi.org/10.1038/ngeo2674
https://doi.org/10.5194/bg-15-5287-2018
https://doi.org/10.1111/j.1365-2486.2009.01962.x
https://doi.org/10.1007/s10021-011-9504-0
https://doi.org/10.1007/s10021-011-9504-0
https://doi.org/10.1046/j.1365-2486.1998.00110.x
https://doi.org/10.1002/ppp.656
https://doi.org/10.1002/2013EF000162

KWON ET AL.

Parnell, A. C,, Inger, R., Bearhop, S., & Jackson, A. L. (2010). Source par-
titioning using stable isotopes: Coping with too much variation. PLoS
ONE, 5, €9672. https://doi.org/10.1371/journal.pone.0009672

Pegoraro, E., Mauritz, M., Bracho, R., Ebert, C., Dijkstra, P., Hungate, B.
A., ... Schuur, E. A. G. (2019). Glucose addition increases the mag-
nitude and decreases the age of soil respired carbon in a long-term
permafrost incubation study. Soil Biology and Biochemistry, 129, 201-
211. https://doi.org/10.1016/j.s0ilbio.2018.10.009

Phillips, D. L., & Gregg, J. W. (2003). Source partitioning using stable
isotopes: Coping with too many sources. Oecologia, 136, 261-269.
https://doi.org/10.1007/s00442-003-1218-3

Phillips, M. E. (1954). Eriophorum Angustifolium Roth. Journal of Ecology,
42,612-622. https://doi.org/10.2307/2256893

R Development Core Team. (2013). R: a language and environment for
statistical computing.

Reimer, P. J., Brown, T. A., & Reimer, R. W. (2004). Discussion: Reporting
and calibration of post-bomb 14C data. Radiocarbon, 46, 1299-1304.
https://doi.org/10.1017/50033822200033154

Rouse, W. R., Carlson, D. W., & Weick, E. J. (1992). Impacts of summer
warming on the energy and water balance of wetland tundra. Climatic
Change, 22, 305-326. https://doi.org/10.1007/BF00142431

Salmon, V. G., Soucy, P., Mauritz, M., Celis, G., Natali, S. M., Mack, M. C,,
& Schuur, E. A. G. (2016). Nitrogen availability increases in a tundra
ecosystem during five years of experimental permafrost thaw. Global
Change Biology, 22, 1927-1941. https://doi.org/10.1111/gcbh.13204

Saltmarsh, A., Mauchamp, A., & Rambal, S. (2006). Contrasted effects
of water limitation on leaf functions and growth of two emergent
co-occurring plant species, Cladium mariscus and Phragmites aus-
tralis. Aquatic Botany, 84, 191-198. https://doi.org/10.1016/j.
aquabot.2005.09.010

Schédel, C., Bader, M.-K.-F., Schuur, E. A. G., Biasi, C., Bracho, R., Capek,
P., ... Graham, D. E. (2016). Potential carbon emissions dominated by
carbon dioxide from thawed permafrost soils. Nature Climate Change,
6, 950.

Schéadel, C., Schuur, E. A. G., Bracho, R., Elberling, B. o., Knoblauch, C.,
Lee, H., ... Turetsky, M. R. (2014). Circumpolar assessment of per-
mafrost C quality and its vulnerability over time using long-term
incubation data. Global Change Biology, 20, 641-652. https://doi.
org/10.1111/gcb.12417

Schuur, E. A. G., & Mack, M. C. (2018). Ecological response to permafrost
thaw and consequences for local and global ecosystem services.
Annual Review of Ecology, Evolution, and Systematics, 49, 279-301.
https://doi.org/10.1146/annurev-ecolsys-121415-032349

Schuur, E. A. G., McGuire, A. D., Schédel, C., Grosse, G., Harden, J. W.,
Hayes, D. J., ... Vonk, J. E. (2015). Climate change and the permafrost
carbon feedback. Nature, 520, 171-179. https://doi.org/10.1038/
nature14338

Schuur, E. A. G.,, & Trumbore, S. E. (2006). Partitioning sources
of soil respiration in boreal black spruce forest using ra-
diocarbon. Global Change Biology, 12, 165-176. https://doi.
org/10.1111/j.1365-2486.2005.01066.x

Schuur, E. A. G., Vogel, J. G., Crummer, K. G,, Lee, H., Sickman, J. O., &
Osterkamp, T. E. (2009). The effect of permafrost thaw on old carbon
release and net carbon exchange from tundra. Nature, 459, 556-559.
https://doi.org/10.1038/nature08031

Serreze, M. C., Walsh, J. E. lll, Chapin, F. S., Osterkamp, T., Dyurgerov,
M., Romanovsky, V., ... Barry, R. G. (2000). Observational evidence
of recent change in the northern high-latitude environment. Climatic
Change, 46, 159-207.

Giobal Change Bioiosy RV TRV

Skopp, J., Jawson, M. D., & Doran, J. W. (1990). Steady-state aerobic mi-
crobial activity as a function of soil water content. Soil Science Society
of America Journal, 54, 1619-1625. https://doi.org/10.2136/sss2j199
0.03615995005400060018x

Smith, N. G., & Dukes, J. S. (2013). Plant respiration and photosynthesis
in global-scale models: Incorporating acclimation to temperature and
CO,. Global Change Biology, 19, 45-63.

Steinhof, A., Altenburg, M., & Machts, H. (2017). Sample preparation
at the Jena *C laboratory. Radiocarbon, 59, 815-830. https://doi.
org/10.1017/RDC.2017.50

Webb, E. E., Schuur, E. A. G., Natali, S. M., Oken, K. L., Bracho, R., Krapek,
J. P, ... Nickerson, N. R. (2016). Increased wintertime CO, loss as a
result of sustained tundra warming. Journal of Geophysical Research-
Biogeosciences, 121, 249-265.

Wein, R. W. (1973). Eriophorum Vaginatum L. Journal of Ecology, 61, 601~
615. https://doi.org/10.2307/2259047

Wild, B., Gentsch, N., Capek, P., Didkova, K., Alves, R. J. E., Barta, J., ...
Richter, A. (2016). Plant-derived compounds stimulate the decompo-
sition of organic matter in arctic permafrost soils. Scientific Reports,
6, 25607. https://doi.org/10.1038/srep25607

Wild, B., Schnecker, J., Alves, R. J. E., Barsukov, P., Barta, J., Capek, P,
... Richter, A. (2014). Input of easily available organic C and N stim-
ulates microbial decomposition of soil organic matter in arctic per-
mafrost soil. Soil Biology and Biochemistry, 75, 143-151. https://doi.
org/10.1016/j.s0ilbio.2014.04.014

Wolf, A. A., Drake, B. G., Erickson, J. E., & Megonigal, J. P. (2007). An
oxygen-mediated positive feedback between elevated carbon di-
oxide and soil organic matter decomposition in a simulated anaer-
obic wetland. Global Change Biology, 13, 2036-2044. https://doi.
org/10.1111/j.1365-2486.2007.01407.x

Zimov, S. A., Davidov, S. P, Voropaey, Y. V., Prosiannikov, S. F.,
Semiletov, I. P, Chapin, M. C., & Chapin, F. S. (1996). Siberian
CO, efflux in winter as a CO, source and cause of seasonality
in atmospheric CO,. Climatic Change, 33, 111-120. https://doi.
org/10.1007/BF00140516

Zimov, S. A., Semiletov, I. P., Daviodov, S. P., Voropaev, Y. V., Prosyannikov,
S. F, Wong, C. S., & Chan, Y.-H. (1993). Wintertime CO, emission
from soils of northeastern Siberia. Arctic, 46, 197-204. https://doi.
org/10.14430/arctic1344

Zuur, A., leno, E. N., Walker, N., Saveliev, A. A., & Smith, G. M. (2009).
Mixed effects models and extensions in ecology with R (p. 574). New
York: Springer.

SUPPORTING INFORMATION

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

How to cite this article: Kwon MJ, Natali SM, Hicks Pries CE,
et al. Drainage enhances modern soil carbon contribution
but reduces old soil carbon contribution to ecosystem
respiration in tundra ecosystems. Glob Change Biol.
2019;00:1-11. https://doi.org/10.1111/gcb.14578



https://doi.org/10.1371/journal.pone.0009672
https://doi.org/10.1016/j.soilbio.2018.10.009
https://doi.org/10.1007/s00442-003-1218-3
https://doi.org/10.2307/2256893
https://doi.org/10.1017/S0033822200033154
https://doi.org/10.1007/BF00142431
https://doi.org/10.1111/gcb.13204
https://doi.org/10.1016/j.aquabot.2005.09.010
https://doi.org/10.1016/j.aquabot.2005.09.010
https://doi.org/10.1111/gcb.12417
https://doi.org/10.1111/gcb.12417
https://doi.org/10.1146/annurev-ecolsys-121415-032349
https://doi.org/10.1038/nature14338
https://doi.org/10.1038/nature14338
https://doi.org/10.1111/j.1365-2486.2005.01066.x
https://doi.org/10.1111/j.1365-2486.2005.01066.x
https://doi.org/10.1038/nature08031
https://doi.org/10.2136/sssaj1990.03615995005400060018x
https://doi.org/10.2136/sssaj1990.03615995005400060018x
https://doi.org/10.1017/RDC.2017.50
https://doi.org/10.1017/RDC.2017.50
https://doi.org/10.2307/2259047
https://doi.org/10.1038/srep25607
https://doi.org/10.1016/j.soilbio.2014.04.014
https://doi.org/10.1016/j.soilbio.2014.04.014
https://doi.org/10.1111/j.1365-2486.2007.01407.x
https://doi.org/10.1111/j.1365-2486.2007.01407.x
https://doi.org/10.1007/BF00140516
https://doi.org/10.1007/BF00140516
https://doi.org/10.14430/arctic1344
https://doi.org/10.14430/arctic1344
https://doi.org/10.1111/gcb.14578

