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The permafrost region has accumulated organic
carbon in cold and waterlogged soils over thousands
of years and now contains three times as much
carbon as the atmosphere. Global warming is
degrading permafrost with the potential to accelerate
climate change as increased microbial decomposition
releases soil carbon as greenhouse gases. A 19-
year time series of soil and ecosystem respiration
radiocarbon from Alaska provides long-term insight
into changing permafrost soil carbon dynamics in
a warmer world. Nine per cent of ecosystem
respiration and 23% of soil respiration observations
had radiocarbon values more than 50%. lower than
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the atmospheric value. Furthermore, the overall trend of ecosystem and soil respiration
radiocarbon values through time decreased more than atmospheric radiocarbon values did,
indicating that old carbon degradation was enhanced. Boosted regression tree analyses showed
that temperature and moisture environmental variables had the largest relative influence on
lower radiocarbon values. This suggested that old carbon degradation was controlled by
warming/permafrost thaw and soil drying together, as waterlogged soil conditions could
protect soil carbon from microbial decomposition even when thawed. Overall, changing
conditions increasingly favoured the release of old carbon, which is a definitive fingerprint
of an accelerating feedback to climate change as a consequence of warming and permafrost
destabilization.
This article is part of the Theo Murphy meeting issue ‘Radiocarbon in the Anthropocene’.

1. Introduction

Global surface temperatures are over 1°C warmer at present relative to the start of the industrial
period due to greenhouse gas emissions and other human activities [1]. In northern high latitudes,
air temperatures are increasing at least two times faster than the global average due to Arctic
amplification [2-6]. Arctic change has the potential to accelerate global climate change; one
key mechanism is through impacts on carbon (C) cycling within the permafrost region [7-10].
Permafrost (perennially frozen ground) is found within 22-24% of the exposed land surface of
the Northern Hemisphere [11-14] and is a significant, climate-sensitive component of the global
C cycle. At least 1460-1600 Pg C (1Pg =1 billion tons) of soil organic C has accumulated in the
permafrost region over the Late Pleistocene and Holocene due to freezing temperatures and
waterlogged soils, with another approximately 1000 Pg C likely present in deep terrestrial and
subsea deposits [10,13-15]. Record high permafrost temperatures have already been documented
across long-term monitoring sites over the last several decades [4,16]. Under high human
greenhouse gas emission scenarios, near-surface permafrost is projected to decrease by 90% by
2300, with much of that long-term loss occurring by 2100 [17].

The permafrost region C pool contains three times as much C as the atmosphere [8]. The
impact of warming and permafrost loss on global climate change depends on: how much of this
C is released to the atmosphere as greenhouse gases while permafrost degrades; the timescale
of the release; the proportion of the release of CHy versus CO,; and lastly, how much of this
release is offset by increased plant biomass and subsequent inputs to the soil C pool [7,10,
18-22]. Long-term soil C losses of significant magnitude that can affect climate are expected to
arise from C that is cycling on centennial to millennial scales, since this old C comprises the bulk
of permafrost soil C. Radiocarbon content of soil organic C can be used to estimate the timescales
of C cycling—the amount of time since C was fixed via photosynthesis and stored in various
ecosystem pools [23]. Carbon that is actively cycling on annual to decadal timescales will reflect
the bomb enrichment of atmospheric radiocarbon in recent decades, whereas C that is cycling on
the order of hundreds to thousands of years will have undergone radiocarbon decay and will be
depleted in radiocarbon [24,25]. The transfer of old soil C to the atmosphere is expected to occur
as a result of warming and permafrost thaw and the microbial decomposition of organic C [7,8].
Importantly, this highly significant change in ecosystem C cycling should be detectable in the
radiocarbon values of ecosystem and soil respiration, which can indicate the age of metabolized
C. The large range in radiocarbon in permafrost region soils provides a sensitive fingerprint for
detecting the loss of old C in ecosystem respiration in response to warming and permafrost thaw.

The radiocarbon content of ecosystem respiration (ecosystem respiration radiocarbon) represents
a mixture of sources, each with its own radiocarbon value. Ecosystem respiration is derived
from autotrophic (plant) respiration and heterotrophic (primarily microbial) decomposition of
organic matter. Thus, changes over time in ecosystem respiration reflect atmospheric radiocarbon
changes as influenced by the global C cycle and increasing fossil fuel emissions, in combination
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with changing environmental conditions that shift the contribution of individual plant and
soil source pools to overall ecosystem respiration [26]. This idea that ecosystem respiration
reflects changes in ecosystem C cycling in response to environmental change has been tested
here using a combination of field measurements of isotope ratios, C fluxes and environmental
drivers. These were applied in a tundra ecosystem undergoing warming and permafrost thaw,
either exposed to experimental soil warming and drying, and/or already undergoing regional
environmental warming and destabilization of permafrost [22,27-30]. This unique approach
of partitioning ecosystem respiration by incorporating environmental drivers to constrain the
contribution of different C sources improves our understanding of drivers of old soil C release
to the atmosphere. Previous studies in this system highlighted mechanistic drivers of ecosystem
respiration radiocarbon that varied over relatively short periods (2-3 years). Here, we examined
the complete time series in order to gain long-term insight into changes in permafrost C dynamics
that are unfolding in a warmer world.

2. Methods

(a) Site and measurement locations

The Arctic Carbon and Climate (ACCLIMATE) observatory is characterized by moist acidic
tundra within the Eight Mile Lake watershed (63°52'42.1"" N, 149°15'12"” W; 670m.a.s.l.), west
of Healy, Alaska [27,31]. Vascular plant cover is dominated by the tussock-forming sedge
Eriophorum vaginatum and the deciduous and evergreen shrubs Betula nana, Vaccinium uliginosum,
Rubus chamaemorus, Rhododendron groenlandicum and Vaccinium vitis-ideae. Non-vascular biomass
is dominated by mosses and lichens [32-34]. Soils are classified as Gelisols [35], with a thick
organic horizon on top of cryoturbated mineral soil, which has accumulated 55-69 kg C m~3
[36-38]. The long-term permafrost temperature record on site indicates warming of the permafrost
since the mid-1980s, which led to ground subsidence [39-41] and alteration of the surface
hydrology, creating a mosaic with different levels of disturbance [27,31,42]. Observations across
these differing levels of permafrost thaw that are occurring as part of regional warming are
referred to as the Gradient site.

Within this context, a warming experiment, established in 2008 and called Carbon in
Permafrost Experimental Heating Research (CiPEHR), used a novel approach to warm the deep
soil and degrade permafrost: the installation of snow fences to trap snow as it was redistributed
around the landscape by winter wind [43]. Increased snow depth maintained elevated soil and
permafrost temperatures because the snow acted as an insulating layer between the soil and
the extremely cold air. The accumulated snow was shovelled from the snow fences in early
spring, so that the water input and the timing of snowmelt of the treatment was similar to
the control plots. This design successfully warmed soils and increased growing-season depth of
ground thaw by greater than 400% by 2021, degrading an increasing amount of permafrost each
year [44]. Permafrost degradation is intimately related to changes in surface hydrology because
the loss of ground ice causes ground surface subsidence. Interactions between thaw and soil
moisture were examined with a water table manipulation (DryPEHR) established in 2011 within
the footprint of the soil warming treatment of CiPEHR [45]. This manipulation altered surface
moisture by actively pumping perched water out of plots where barriers had been installed down
to the permafrost surface. After 2018, ground subsidence was so great (up to approx. 75cm in
some plots) [46] that water pumping was stopped. At that point moving forward, plots that
had randomly been placed at the outset of the experiment and assigned a treatment were now
treated as individual measurement plots arrayed across a gradient of thaw depth (TD) and water
table, defined by both the experimental treatments and the surface hydrology dictated by the
resulting ground subsidence [29,47]. Together, the set of measurement plots at Gradient, CiPEHR
and DryPEHR were analysed to develop a mechanistic understanding of the ecosystem sources
contributing to C losses following warming and permafrost thaw, and how these dynamics
changed over time.
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(b) Ecosystem and soil respiration

Ecosystem respiration *CO, and '3CO, isotope ratios were measured using a modified dynamic
flow chamber system [22,27,29,30]. At each measurement plot, permanent collars (25.4cm
diameter) remained inserted in the soil/moss surface, and dark, 101 plastic chambers were placed
over the collars and air was drawn through a gas analyser. To remove background CO, and
to collect ecosystem respired CO, alone, the air stream was scrubbed with soda lime at a rate
similar to that of soil CO; efflux until two to three chamber volumes of air had passed through
the scrubber, when the CO, remaining in the chamber system was almost exclusively ecosystem
respired CO,. The air stream was then diverted through a 13x molecular sieve to trap CO, until
approximately 0.5-1.0mg of CO,-C was adsorbed. In the laboratory, the molecular sieve traps
were heated to 625°C to desorb CO, [48]. Carbon dioxide was then purified, graphitized and
analysed for *C and '3C. The !3C isotope ratios were used in the final analysis to correct for
incomplete scrubbing of atmospheric CO; in the chamber-sampler system based on the known
difference between atmospheric and ecosystem respiration 13C values [24,27,49-51]. Final *C
values are expressed as A'*C, with the value of 0%, defined as the 1*C /12C isotope ratio of a wood
standard from 1890 [52,53]. Radiocarbon measurements were performed at the Keck Carbon Cycle
Accelerator Mass Spectrometer Facility at the University of California, Irvine, and at the Arizona
Climate and Ecosystems (ACE) isotope laboratory at Northern Arizona University.

Soil pore space 14CO, content (soil respiration radiocarbon) was measured from gas samples
collected from permanently installed soil gas wells located at a variety of depths within the soil
profile (10-50 cm) with a majority of samples taken at 10 and 20 cm depths. The gas wells were
made of 1/8" ID stainless steel tubing, perforated and covered with mesh at the sampling depth
and extending above ground to fittings with gas-tight stopcocks. Air was pumped from each gas
well at 0.51min~! for about a minute through a 13X molecular sieve to quantitatively trap CO,,
with the same laboratory procedures used to purify and analyze for 14C. In the case of soil gas, no
13C isotope correction was used, unlike what was done for above-ground ecosystem respiration,
because intrusion of atmospheric air was determined to not be an issue for soil profile gas.

(c) Annual plants and soil organic matter

Annual plants were sampled and analysed for radiocarbon as a time-integrated snapshot of the
changing atmospheric radiocarbon ratio [54-57]. Away from urban areas, the background level
of atmospheric radiocarbon was above pre-industrial levels for our study period due to the
production of radiocarbon in the atmosphere from past nuclear weapons testing. Atmospheric
radiocarbon values have been dropping since the early 1960s when above-ground testing
stopped due to the exchange of C with the oceans and the biosphere, and the continued
dilution of atmospheric radiocarbon by fossil fuel emissions. Annual plants integrate this signal
because photosynthesis provides a cumulative record of the radiocarbon of the local atmosphere
integrated over the many-months growing period of the plant. Each year, we collected the annual
plant Matricaria discoidea at locations surrounding the study site and away from potential local
fossil fuel sources, and analysed the above-ground tissue for radiocarbon. Early in our sampling
record (2003-2006), we made instantaneous measurements of atmospheric radiocarbon at the
study sites using molecular sieves or glass flasks to trap CO; from air at 2 m height before
switching to annual plants in 2006 for the rest of the time series. Solid samples (plants) were
combusted in sealed quartz tubes with cupric oxide to produce COy, which was then purified
and analysed as described previously. We also compared the measurements from our local site
with a clean-air atmospheric CO; flask record collected at Utqiagvik, Alaska, about 850 km
away [58].

Soil organic matter was sampled and analysed for radiocarbon as part of several previous
studies at the site that focused on the accumulation of soil/permafrost C over time. These data
are shown here to illustrate the source of old carbon to ecosystem and soil respiration radiocarbon
[36]. Methods are described in detail elsewhere but, briefly, organic carbon was collected at
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different depths in the soil profile at control locations at the site. Plant macrofossils or bulk soil
organic carbon samples were combusted in the laboratory as described for annual plants and
analysed for radiocarbon.

(d) Environmental measurements

Environmental drivers of ecosystem respiration radiocarbon were analysed at CiPEHR only
because environmental data at that site were paired directly with the permanent collars used
for radiocarbon sampling. Detailed descriptions of C flux and environmental measurements
are available for the CiPEHR warming experiment [43,45,59]. Out of a larger suite of site
environmental variables, a subset was selected as drivers to predict ecosystem respiration
radiocarbon values based on a previous analysis of autochamber ecosystem CO; fluxes [60]. In
brief, soil temperature (°C) was measured at 5, 10, 20 and 40 cm every half hour using type T
copper-constantan thermocouples and recorded on a data logger (CR1000; Campbell Scientific),
and soil volumetric water content (VWC; %) was recorded every half hour in each plot with
TDR probes (CS 616; Campbell Scientific) integrated from 0 to 20 cm soil depth. Readings from
most sensors were averaged over 30-min intervals. Precipitation was measured with a HOBO
Onset station during the growing season (GS, Bourne, MA, USA). TD was measured weekly
as the distance (in centimetres) from the moss/surface layer to the frozen layer within the soil.
Water table depth (WTD) was measured as the distance (in centimetres) from moss/soil surface
to the water table surface perched on the frozen soil within nine 3-inch diameter PVC wells.
Normalized difference vegetation index (NDVI) was used to measure plant biomass at the plot
scale using a hand-held camera (Tetracam, Chatsworth, CA, USA), and independently a point-
intercept method was used to estimate plant biomass [61]. Ground subsidence as a result of
warming and the loss of ground ice was measured with differential GPS [46]. Net ecosystem
C exchange (NEE) is the balance between two major opposing processes: CO, uptake by primary
producers (gross primary production, GPP), and CO; losses by ecosystem respiration, comprising
autotrophic plant respiration and heterotrophic respiration [62]. NEE was measured using clear
autochambers that sequentially measured CO; fluxes from each plot [63,64]. NEE measurements
were separated into GPP and ecosystem respiration based on standard gap-filling techniques
using environmental scalars: light and temperature.

(e) Statistical analysis

The slopes of atmospheric, ecosystem respiration and soil respiration A*C over the 19-year time
series were calculated with mixed linear regression models using the package nlme in R [65,66].
We limited our analyses to data collected during the GS at this site (May through September)
to avoid low AM™C values that can occur when the plants are dormant and surface soil is frozen
[30,67,68]. Overall, we had 46 observations of atmospheric CO,, 867 observations of ecosystem
respiration and 472 observations of soil respiration CO,. Given the differences in sample size and
variance, models of each A'*C variable were run separately. For ecosystem and soil respiration, a
random intercept of sample ID was included to take into account the repeated measurements
from individual collars. A random slope of sample ID was also tested, but did not improve
the model AIC and so was not included in the final model. The variance of ecosystem and soil
respiration AC increased over time, so a variance structure was included in the models that
had the variance increase exponentially with the year of sampling (varExp). Additionally, the
inclusion of a temporal autocorrelation structure was tested and retained if it decreased the model
AIC by more than five units. For the soil respiration dataset, a ‘corAR1’ temporal autocorrelation
structure was included. Two models were run for ecosystem respiration: one with only Year as
a predictor to investigate overall trends, and one with Year, Location, and a Year by Location
interaction to investigate whether the time trend from the gradient site differed from those of
the two soil warming experiments: CiPEHR and DryPEHR. With fewer soil respiration data and
shorter time series at any given site, we did not model a Year by Location interaction, which had
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the effect of grouping all sites together. Instead, two models were run for soil respiration: one with
only Year as a predictor and another with Year, Depth, and a Year and Depth interaction. We tested
whether the modelled slopes of ecosystem and soil respiration over time were significantly lower
(more negative) than the slope of the atmosphere over time using a one-tailed Z-test (@ =0.05)
based on slopes and standard errors estimated from the linear mixed models described above [69].
The ecosystem and soil respiration datasets included a number of very negative (old) radiocarbon
values, especially towards the end of the time series. To investigate the extent to which the
estimated slopes were driven by these negative radiocarbon values, all of the statistics described
above were also performed without these values by including only the data points within one
standard deviation of the median as a sensitivity test.

The environmental and C flux measurements described previously for CiPEHR were used
as input variables for Gradient Boosted Regression Tree statistical models with ecosystem
respiration radiocarbon as the response variable. The models were run in R with the package gbm
[70]. A model was fit for the entire dataset using the following variables that were aggregated for
the week preceding the radiocarbon measurement, unless another time aggregation is specified:
ecosystem respiration, GPP, full GS GPP, soil temperature (means and standard deviations as
separate variables for 5, 10, 20, 40 cm depths), air temperature (mean and standard deviation at
2 m height), VWC (mean and standard deviation), WTD, TD, NDVI (mean), GS WTD (aggregated
from May 1 to 2 weeks prior to radiocarbon measurement), precipitation (aggregated at one
week, two weeks, and from May 1 to two weeks prior to radiocarbon measurement), subsidence,
and plant biomass derived from point-intercept measurements. As detailed earlier, this subset
of variables was selected based on extensive prior analysis of autochamber CO, fluxes and
strikes a balance between the total number of variables used within the regression tree model
and the number of radiocarbon observations. For the model, 75% of the data were used for
model training and the remaining 25% were used for validation. Optimal parameters (number
of trees, interaction depth, shrinkage and minimum observations per node) were determined by
comparing model performance over a grid of possible parameters. To reduce the likelihood of
overfitting, the model was re-run with a subset of the best predictor variables, which accounted
for 85% of the model relative influence. Model fits were evaluated using linear regression
between the observed and predicted radiocarbon isotope ratios. The radiocarbon dataset was
not normally distributed and included a number of very low, negative values. We ran a separate
regression tree model with the same variables and procedures as described above but included
only radiocarbon respiration values within one standard deviation of the median, which had the
effect of removing the very negative values. This sensitivity analysis was done to test whether
these extremely negative radiocarbon values were behaving differently in response to changing
environmental variables when compared with observations closer to the median. There were not
enough negative excursions to analyse those data alone using the regression tree approach.

3. Results
(a) Atmosphere

Atmospheric radiocarbon ratios declined over the 19-year measurement period, with initial
values at or above 65%0 in 2003 and declining below 0%. after 2020 (figure 1). Instantaneous
air measurements tended to be somewhat more variable than the annual plant samples, which
integrated atmospheric radiocarbon over the course of the GS. The annual —4%. decline in
atmospheric radiocarbon ratio observed here (table 1) mirrors patterns observed regionally [58]
and globally [71].

(b) Ecosystem and soil respiration

Across the full dataset of ecosystem respiration, 56.3% of the observations (n =867) had values
above the atmospheric value (greater than 3%. above) in the year they were measured, 12.3%
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Figure 1. Atmospheric measurements of radiocarbon in interior Alaska measured instantaneously (flasks) or integrated over
the summer GS (annual plant). Positive values indicate bomb radiocarbon.

Table 1. The slopes = s.e. from linear regression models with Year as a predictor for the “C of the atmosphere, ecosystem
respiration and soil respiration datasets. ‘All" refers to the slope when data were pooled across locations, while the site name
refers to results from regressions that included a Year by Location interaction (for ecosystem respiration), or a Year by Depth
interaction (for soil respiration). p-values reflect results of one-tailed z-tests (o = 0.05) to determine whether slopes were
significantly lower than the observed atmospheric decline. Statistics that were significant (less than p = 0.05) were shown in
bold.

dependent variable location slope p-value (z-test)
atmospheric A™C

had values at the atmospheric value (within 3%.) and 31.4% had values below the atmospheric
value (greater than 3 %o below). These bins were defined by instrument precision of approximately
3%o, and thus separate values that are indistinguishable from the atmosphere versus those that
differ from the atmosphere. Mixture values above the current-year atmospheric radiocarbon value
illustrate a major contribution from the decomposition of materials with additional legacy bomb
radiocarbon—materials that have resided in the ecosystem for years to decades. Fast-cycling C,
such as the majority of plant and rhizosphere respiration, has a radiocarbon value close to, or
at, the current-year atmospheric value as photosynthesis is effectively labelled by the current
year [22]. Slow-cycling C, such as organic matter preserved in soil, is a source of old C that
when released contributes respiration with radiocarbon values below the current atmosphere. If
enough time has passed for radioactive decay, respiration of this C can have negative radiocarbon
values. All observations of ecosystem and soil respiration contain a mixture of these sources,
representing a range of past atmospheric values combined with radioactive decay, depending on
the residence time of the mixture of C released back to the atmosphere [53]. The proportion of
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Figure 2. Histograms showing distribution of ecosystem respiration (a) and soil respiration (b) radiocarbon values through
time, grouped into 6-year intervals. All ecosystem and soil respiration observations shown here have been detrended against the
atmospheric slope through time resulting in atmospheric values of each year centred on 0. The categories represent radiocarbon
values that were either: greater than 3%o above the atmosphere in the year of measurement (green), within 3%o of the
atmosphere (red) or greater than 3%o below the atmosphere (blue). These cut-offs represent the instrument precision required
to distinguish an ecosystem or soil respiration radiocarbon value as different from the atmosphere in the year of measurement.
Each bar represents the proportion of observations in a given year group binned into 6%o intervals.

ecosystem respiration measurements with radiocarbon values below the atmosphere in the year
they were measured changed over time: 14% of measurements were below the atmosphere prior
to 2009, 34% were below between 2010 and 2015, while 47% were below after 2015 (figure 2).

For the dataset of soil respiration measured within the soil profile (1 =472), there were lower
radiocarbon values (mean = 0%. + 3) as compared with ecosystem respiration (mean =21%o % 2).
This difference was because heterotrophic soil respiration sources were proportionally greater
relative to plant respiration sources within the observed mixture, as soil respiration was not
influenced by above-ground plant respiration or the decomposition of surface plant litter. For
soil respiration, 7.2% of the observations had values above the atmospheric value (greater than
3% above) in the year they were measured, 11.7% had values at the atmospheric value (within
3%o) and 81.1% had values below the atmospheric value (greater than 3%. below).

Both the ecosystem and soil respiration datasets featured observations where old C respiration
was a dominant contributor. Nine per cent of the ecosystem respiration dataset and 23% of the
soil respiration dataset had mixture values more than 50%. lower than the atmospheric value
(approx. negative radiocarbon values) in the year they were measured. Even lower respiration
observations of —200%. to —400%., corresponding to radiocarbon ages of several thousand
years old, were observed after 2015. These negative values represent the contribution of sources
significantly older than that mixed with younger sources. Negative values were observed both
within the soil profile (soil respiration) and also emitted at the ecosystem-atmosphere interface
(ecosystem respiration).

The 19-year record of ecosystem respiration radiocarbon from ACCLIMATE showed an overall
decline over time (figure 3). The decline in ecosystem respiration radiocarbon (—6.3%. per
year, table 1, p <0.0001) across all sites was significantly greater than the —4.0%. atmospheric
decline. While the decline in the warming experiment (CiPEHR) alone (—4.8%o per year) was not
significantly different from the atmosphere (p =0.15), the decline in the Gradient was (—5.7 %o
per year, p=0.02), with the drying manipulation (DryPEHR) showing the greatest decline of the
three sites (—11.9%o per year, p <0.0001). The time series of soil respiration radiocarbon from
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Figure 3. Time series of ecosystem respiration radiocarbon relative to changes in atmospheric radiocarbon. The black line
depicts the slope of atmospheric radiocarbon measured at the ACCLIMATE observatory. The coloured points represent ecosystem
respiration measurements from three sites; lines represent their respective slopes based on a linear mixed model. The data points
have been jittered on the x-axis to increase visibility.
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Figure 4. Time series of soil respiration radiocarbon relative to changes in atmospheric radiocarbon. The black line depicts the
slope of atmospheric radiocarbon measured at the ACCLIMATE observatory. The coloured points represent soil respiration at 10
and 20 cm depths; lines represent their respective slopes based on a linear mixed model. The data points have been jittered on
the x-axis to increase visibility.

the site shows a similar overall decline (figure 4) that also decreased at a significantly faster rate
(—6.5%o, table 1, p=0.008) than the atmosphere. The decline of soil respiration at 10cm depth
(—5.4%o per year p =0.07) was only marginally significantly greater than the atmospheric decline,
while the decline of soil respiration at 20 cm depth was significantly greater (—7.7%. per year,
p=0.002). While the declines in ecosystem and soil respiration have similar slopes, soil respiration
radiocarbon values were overall lower than ecosystem respiration values, reflecting a greater
contribution from older heterotrophic sources.

Both the ecosystem and soil respiration time series featured a significant number of very low
radiocarbon values, and these negative excursions increased across the time series (figure 2). To
determine the influence of these negative excursions on the overall time series trends, a sensitivity
test was performed using a similar regression analysis with time, but with radiocarbon values >1

i i o i i e B



Downloaded from https://royal societypublishing.org/ on 13 November 2023

01 Ad
«
________ A __ 2004 _
| __Ag | ____ 2021 gradient _
100 4 é
PO N R N e 2021 CiPEHR _
B 2021 DryPEHR
2 e bt 202 DEEERR,
=
3 °
200
Y

—-1000 -800 -600 —400 —200 0 200 400
AMC (%o)

Figure 5. Radiocarbon values of soil organic matter with depth in the soil/permafrost profile. Circles denote bulk soil
measurements, and triangles denote measurements from isolated plant macrofossils. Light and medium grey data points are
from Hicks Pries et al. [36] and darker grey data points are from Hutchings et al. [37]. Dashed lines represent the average
end-of-season TD (active layer) in 2004 and 2021 coloured by location.

s.d. lower than median removed. For ecosystem respiration, the negative slope with time was
still significantly lower than the atmospheric decline when all sites were combined (—4.3%. per
year, p =0.01), but the statistical significance was weaker when sites were analysed individually.
For soil respiration, the negative slope with time (—4.1%. per year) was not statistically different
from the atmospheric decline when all sites were combined, and for 10 cm (—4.1%o. per year) and
20 cm depths (—3.7 %o per year), individually. The negative excursions are a real feature of the time
series both for ecosystem and soil respiration; this sensitivity test suggests that those excursions
contribute to the radiocarbon trends over time, but are not the only drivers.

(c) Soil organic carbon

Soil C accumulation has been previously studied at the ACCLIMATE site using C content and
radiocarbon age of organic matter to determine rates of accumulation [36,37]. Owing to the
upward accumulation of surface organic C along with aeolian deposition of mineral soil, the
radiocarbon content of organic C gradually decreases with depth (figure 5). Elevated radiocarbon
(positive values) in surface organic C reflects enrichment from bomb radiocarbon, with observed
values above +200%o reflecting photosynthesis and soil organic C accumulation over the past
several decades. Negative radiocarbon values deeper in the soil profile ranging from —400%o.
to —950%o below 1.5m depth represent significant radioactive decay. Macrofossil radiocarbon
values around 1m depth correspond to calendar ages greater than 10ka BP, and organic C has
accumulated over many metres of soil at this site for greater than 40 ka [37].

(d) Environmental drivers

To examine drivers of ecosystem respiration radiocarbon values, we performed a boosted
regression tree analysis on the soil warming experiment plots for which paired ecosystem
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respiration radiocarbon data and environmental measurements were available. When all
radiocarbon values were included, the boosted regression tree analysis identified: precipitation
(two-week aggregation) and VWC as the top two environmental drivers, with relative influence
scores greater than 15 (figure 6a). Ecosystem respiration and soil temperature (10cm) were
identified as the next two most influential drivers. A regression between modelled and observed
ecosystem respiration radiocarbon (figure 64, inset) showed that the model explained about 30%
of the variation, but that the negative radiocarbon excursions were not predicted well by the
dynamics of the environmental drivers. Furthermore, the structure of the observed data did
not lead to a random distribution of residuals around the model-observation regression line. To
address this, a second boosted regression tree analysis was performed on a dataset that excluded
the negative radiocarbon excursions (greater than 1 s.d. lower than median). This analysis
identified air temperature and NDVI as the top two influential drivers (figure 6b), with ground
subsidence, soil temperature (10cm) and VWC following sequentially thereafter as influential
variables, all near or above relative influence scores of 15. The regression between modelled and
observed values in this restricted case led to a random distribution of residuals (figure 6b, inset)
even though the shortened range of radiocarbon values overall caused a slight decrease in the
model goodness-of-fit (12 =0.23).

4. Discussion

This one-of-a-kind, 19-year time series of radiocarbon from a changing permafrost ecosystem
revealed a decline in atmospheric radiocarbon value over time. The decline was significantly
greater in the time series of radiocarbon values of soil and ecosystem respiration, the C
flux from the ecosystem back to the atmosphere. The current annual decline in atmospheric
radiocarbon that was observed at the site is primarily due to fossil fuel combustion, whose
radiocarbon-free emissions dilute the global atmospheric radiocarbon ratio [71]. Because the
atmosphere is a relatively well-mixed C pool [72], the —4%. per year decline at our site matched
exactly with regional and global records [58,71]. Aside from the main effect of fossil fuels on
atmospheric decline, ecosystem respiration has been returning bomb radiocarbon back into the
atmosphere over the past 50 years. Ecosystem respiration radiocarbon ratios have been higher
than atmospheric radiocarbon ratios for several decades. The disequilibrium between ecosystem
respiration and the atmosphere is decreasing, starting from soon after the 1960s bomb peak and
moving towards the present day [71,73,74]. The atmospheric decline of —4%. per year should
maintain or even become more negative if fossil fuel use grows along with less bomb radiocarbon
returning from ecosystems in the future.

Ecosystem respiration represents a mixture of sources, and thus its radiocarbon value is not
a fixed calendar date [25], but instead an approximation of the C turnover times of the various
sources [24,26]. Mixture values above the current-year atmospheric radiocarbon value illustrate
a major contribution from bomb radiocarbon derived from C within the ecosystems (figure 5)
that was fixed over the past 60 years [75-77]. Mixture values below the atmosphere in the year
of sampling reflect older C, some which is old enough to reflect radioactive decay (figure 5).
Respiration values similar to the atmosphere in the year of sampling likely reflects the fastest
turnover C that was fixed the same, or the previous year, although it is not possible to rule out a
mixture of older and younger C that matches the atmosphere using the radiocarbon measurement
alone [78].

Steady-state ecosystem C dynamics serve as a null hypothesis against which we can evaluate
the ecosystem and soil respiration radiocarbon time series from our changing permafrost
ecosystem [24,79]. In steady state, ecosystem C storage is constant throughout time with
ecosystem respiration outputs balanced by plant production inputs. The atmospheric decline
of —4%o per year (figure 1) represents the theoretical upper limit of decline that should be
observed for ecosystem respiration over time in a steady-state ecosystem. And in fact, the
decline of ecosystem respiration through time should have a somewhat less negative slope,
since autotrophic respiration and fast-cycling C labelled by the current-year atmosphere could be
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50-75% (but not 100%) of ecosystem respiration returned back to the atmosphere [22,29,50,80].
The remainder of the return C flux (25-50%) is derived from ecosystem pools with longer C
turnover times [22]. Slow turnover C pools have slower year-to-year changes in radiocarbon
values since new atmospheric C inputs are buffered by older C already contained in the pool
[73,79]. If the atmosphere returned to pre-bomb levels under steady-state conditions, ecosystem
respiration radiocarbon would eventually converge back closer to the atmospheric value given
enough time. In the actual world, where the atmospheric radiocarbon ratio is being continuously
diluted by fossil fuel emissions that is unlikely to happen anytime this century. The future
disequilibrium offset (ecosystem respiration radiocarbon higher than the same-year atmosphere)
will be dependent on the magnitude of human C emissions with a greater disequilibrium arising
under higher fossil fuel use (e.g. RCP8.5/SSP5-8.5) [71,81].

We hypothesized that the degradation of permafrost in a warming Arctic would increase the
contribution from old soil C sources to total soil and ecosystem respiration, and be reflected
in declining radiocarbon values [31,82,83]. Such a fingerprint of warming and permafrost C
destabilization (non-steady-state conditions) would manifest as respiration radiocarbon values
below atmospheric values, with the potential for these observations to increase in frequency
as warming and permafrost thaw progressed (figure 5) with more old carbon exposed to
decomposition. This extended dataset clearly demonstrated the presence of old C release
throughout the time series, with the frequency of unequivocally old C (mixtures below
atmospheric radiocarbon values) increasing from the beginning of the time series to present
(figure 2). Respiration of old C pools (figure 5) not only influenced average soil and ecosystem
radiocarbon values, but also manifested as sporadic pulses where old C was the dominant
contributor to the overall respiration mixture, resulting in very negative radiocarbon values.
Old C is also contributing somewhat to mixtures whose values fall above the atmosphere in
the year of sampling, but disentangling the proportional contribution requires other ecosystem
measurements in combination with radiocarbon.

Analysed together, the time series showed a greater yearly decline in radiocarbon values of
ecosystem and soil respiration across the dataset, relative to atmospheric —4 %o per year. This was
largely true whether the analysis was performed with the entire dataset, or with the negative
radiocarbon excursions removed. The presence of substantially old C (negative radiocarbon
values or mixtures below the atmosphere in the year of sampling) in any single instantaneous
measurement of ecosystem and soil respiration in and of itself is not necessarily diagnostic of
the destabilization of permafrost C pools given short-term fluctuations in environmental and soil
conditions. This is because even with steady-state dynamics, some fraction of the respiration flux
from ecosystems back to the atmosphere should contain old C, albeit at a very small proportion
relative to the slow turnover of the oldest C pools [24]. Nonetheless, even a small amount
of very old C can greatly decrease average radiocarbon values of a mixture [79]. However,
the observed decline in ecosystem and soil respiration over the entire time series that was
statistically greater (more negative) than the decline in the atmosphere is a fingerprint of an
increasing contribution from old C to ecosystem respiration, beyond what could be supported
with steady-state conditions.

The greater decline in ecosystem and soil respiration when compared with the atmospheric
decline was a feature of the entire dataset, and in some cases the response of different sites could
be distinguished. The ecosystem respiration radiocarbon decline was significantly greater than
the atmospheric decline for all sites combined, the gradient and drying experiment by themselves,
but not for the warming experiment by itself (table 1). This is partly due to the nature of the
old C release as pulse events that occurred sporadically across sites, as well as the shorter time
series (fewer number of years) for individual sites (warming, drying) as compared with the
entire dataset. The shorter time series reduces the statistical ability to detect differences in slope
(figure 3). The increase in observation variance through time in the dataset actually decreased the
statistical power to detect differences in slope. Accounting for this widening variance structure in
the statistical analysis was required in order to obtain normal residual distributions. Despite these
challenges to the statistical approach, most slopes were significantly greater than the atmospheric
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decline, strongly indicating that old permafrost C pools are destabilizing and releasing more C to
the atmosphere, moving away from conditions that supported those pools over the Holocene [36].

Of course, the decrease in radiocarbon value of the ecosystem and soil respiration mixtures
alone does not unequivocally distinguish between an increase in the contribution of old C
sources versus the declining contribution of either plant respiration or decomposition of C pools
enriched in bomb radiocarbon [27,84]. However, other data from the site including previous
isotope partitioning studies point towards increasing contributions, not decreasing, from plant C
sources [28,85]. Long-term eddy covariance measurements of ecosystem C fluxes at the site show
monotonic increases in plant carbon uptake (GPP) and increasing ecosystem respiration through
time from 2004 to present [41], with the ecosystem overall losing net C to the atmosphere. Isotope
partitioning studies using Bayesian approaches to analyse short (2-3 year) sections of this time
series also confirmed an increase in the contribution of absolute fluxes from old C pools with
both natural thaw and experimental warming [28-30]. Together, these observations show that the
C pools contributing to the ecosystem respiration radiocarbon mixtures cannot be in steady-state
with respect to the turnover times that stored the C in the first place. Furthermore, the extremely
negative excursions away from steady-state values occur with increased contribution of old C
(more negative ecosystem respiration mixture). These excursions occur in pulses throughout the
time series and these pulses are increasingly common in the latter half of the time period (figure 2).
At the same time, the sensitivity analysis that excluded the negative radiocarbon excursions still
showed the greater decline over time when compared with the atmosphere, albeit the pattern
was weaker than for the full dataset. This suggests there was also a continuous increase in the
baseline of old C contribution; the pulses were not the only time when increasing old C loss was
contributing to soil and respiration fluxes. At the same time, this illustrates the importance of the
negative excursions to the overall observed pattern. Together, these observations are consistent
with the hypothesis that older C pools contributed more to the observed mixture over time as a
fingerprint of warming and permafrost soil C loss.

Boosted regression tree analysis of environmental controls over ecosystem respiration
radiocarbon from the warming experiment pointed towards indices of moisture (e.g.
precipitation, VWC, VWC SD), soil temperature (10 cm) and ecosystem respiration flux rates as
the driving variables with the largest relative influence (figure 6, top). Increases in the contribution
of old C to the observed mixtures were expected with increased soil temperature and permafrost
thaw (figure 5) [27]. The additional influence of moisture suggests that old C can still be
environmentally protected by anoxic conditions within the water table perched on the permafrost
surface, which saturates the lower soil profile at many measurement locations. The influence
of the water table in restricting old C loss was demonstrated previously in isotope partitioning
studies from these same sites [29] and other peatland sites [86], and was also supported by the
regression tree sensitivity analysis (figure 6, bottom). When the negative excursions were filtered
from the radiocarbon dataset, moisture variables were replaced by air temperature, plant biomass
(NDVI), ground subsidence and soil temperature (10 cm) as the top four variables with highest
relative influence, while moisture (VWC) declined in importance as the variable with the fifth
highest relative influence. The variables that controlled the restricted dataset were related to soil
temperature/thaw and to variables that controlled the contribution of plant respiration to the
overall respiration mixture (e.g. air temperature, NDVI) [22,28]. Plant respiration derived from
recently fixed CO, exerts important control over radiocarbon values of ecosystem respiration
[28,30], but could not overwhelm the highly negative radiocarbon excursions when the subsurface
soil C was drier [45]. Taken together, retaining the negative radiocarbon excursions constrained
the model fit better for the negative values at the expense of the model fit for the larger number
of observations near the median. This supports a conclusion that there are multiple drivers of
ecosystem respiration radiocarbon across the observed range of values with the majority of our
time series data driven by TD, soil temperature and NDVI (plant productivity), while the negative
excursions being best explained by changing moisture dynamics [87].

The interacting controls of warming and permafrost thaw in combination with soil drying
acting to increase old C loss was supported by the previous isotope partitioning study [29] as
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well as the observation that the radiocarbon time series decline was greatest (most negative
slope) for the drying experiment as compared with the warming experiment and the thaw
gradient (table 1). This latter evidence is somewhat tempered by the fact that the drying
experiment time series was the shortest of all three sites, which can influence slope estimates,
and that the drying manipulation was stopped before the end of the time series. Nevertheless,
cold temperatures/freezing and soil saturation together acting to slow old C release are
protection mechanisms that could shift with warming and permafrost thaw. Widespread warming
and permafrost thaw is generally accepted for future climate scenarios as the world warms
[17,88-90], but future soil moisture/waterlogging projections are still divergent [91,92].
Heterogeneous surface subsidence where ground ice is lost can lead to both wetter and drier
soils at the plot level within the same site undergoing environmental change [46,47], at least
during the initial phases of permafrost degradation. Soil saturation is controlled to a large degree
by a shallow water table that sits perched on the thaw surface, and which gradually moves
downwards in the soil profile following the thaw front through the summer GS. Permafrost
thaw and ground ice loss collapses the surface soil into the water table, leading initially to wetter
soil conditions. With additional thaw, however, there is the potential for the perched water table
to follow the thaw front deeper into the soil profile leaving surface soils drier than they once
were. This heterogeneity at the site level is also observed at the landscape level with permafrost
thaw causing increases in wetland and lake area, while elsewhere causing aquatic ecosystems
to drain [93]. These changes in surface water/wetness also play out against a backdrop of an
intensifying hydrologic cycle in a warmer Arctic [94] making projections of future trajectories of
the soil waterlogging protection mechanism a challenge.

5. Conclusion

The time series of respiration radiocarbon in combination with C flux measurements from this
tundra ecosystem unequivocally demonstrates that threshold changes in ecosystem C dynamics
are occurring. Because of the size of the C pool, tipping points in permafrost C ecosystems
have implications for the future trajectory of climate change [95]. The potential for multiple
plausible environmental trajectories in a warmer Arctic is a compelling backdrop for expanding
long-term time series of ecosystem and soil respiration radiocarbon in order to detect old C
loss. This time series showed that, even with the sporadic nature of old C releases, overall
trends through time could reveal the destabilization of permafrost soil C. The presence of the
negative radiocarbon excursions also suggests that longer time series will be extremely helpful
in order to statistically detect trends within the reality of non-normally distributed observational
datasets. This signal of increasing old C release was modified by plant respiration that effectively
dilutes the old C signal in individual plots with higher plant biomass, or at times with greater
plant productivity and respiration. Thus, it is critical to combine ecosystem and soil respiration
radiocarbon observations with C flux measurements either at the plot or site level in order to
disentangle changing C source contributions to the overall radiocarbon respiration value mixture.
Conversely, radiocarbon respiration measurements can inform ongoing ecosystem C balance
measurements at eddy covariance measurement sites. Year-to-year fluctuations in net ecosystem
production measured by flux towers alone cannot distinguish between shifts in faster turnover or
slower turnover C pools, but changes in these pools have widely different implications for overall
long-term ecosystem C storage. Quantifying change in slow turnover C as ecosystems everywhere
respond to global environmental change is critical for understanding ecosystem feedbacks to
climate change, and radiocarbon remains a unique tool with which to do so.

Data accessibility. Data have been submitted to the Bonanza Creek LTER data portal. At present they have not
been issued a DO, but this should be available shortly. Data are findable at the BNZ LTER Data catalogue by
searching for PI = Schuur in advance of the DOL

Authors’ contributions. E.A.S.: conceptualization, data curation, formal analysis, funding acquisition, investigation,
methodology, project administration, resources, supervision, writing—original draft, writing—review and
editing; C.HP.: data curation, formal analysis, investigation, methodology, visualization, writing—original

0707207 L8€ 1 205 Supi 144 ®1syeuinol/bio'Buysigndaposefor



Downloaded from https://royal societypublishing.org/ on 13 November 2023

draft, writing—review and editing; M.M.: data curation, investigation, visualization, writing—review
and editing; E.P.: data curation, investigation, writing—original draft, writing—review and editing; H.R.:
formal analysis, methodology, visualization, writing—original draft, writing—review and editing; C.S.: data
curation, writing—review and editing; C.E.: data curation, investigation, writing—review and editing.

All authors gave final approval for publication and agreed to be held accountable for the work performed
therein.
Conflict of interest declaration. We declare we have no competing interests.
Funding. This work was based in part on support provided by the following programs: Department of Energy,
Terrestrial Ecosystem Science (TES) Program: Award no. DE-SC0006982 (2012-2015), no. DE-5C0014085 (2015-
2018), no. DE-5C0020227 (2019-2022); National Science Foundation CAREER program, Award no. 0747195;
National Science Foundation Office of Polar Programs, Award no. 1203777; National Science Foundation
Bonanza Creek LTER program, Award no. 1026415; National Science Foundation NNA: LTREB, Award no.
1754839; National Parks Research.

References

1. Masson-Delmotte V et al. 2021 IPCC, 2021: summary for Policymakers. In Climate change 2021:
The physical science basis. Contribution of working group I to the sixth assessment report of the
intergovernmental panel on climate change (eds V Masson-Delmotte et al.), pp. 3-32. Cambridge,
UK: Cambridge University Press.

2. Winton M. 2006 Amplified Arctic climate change: What does surface albedo feedback have to
do with it? Geophys. Res. Lett. 33. (d0i:10.1029/2005g1025244)

3. Pithan F, Mauritsen T. 2014 Arctic amplification dominated by temperature feedbacks in
contemporary climate models. Nat. Geosci. 7, 181-184. (d0i:10.1038 /nge02071)

4. Meredith M et al. 2019 Polar regions. In IPCC Special Report on the Ocean and Consequences in a
Changing Climate (eds HO Portner et al.). (doi:10.5194/egusphere-egu2020-164)

5. Ballinger T], Overland JE, Wang M, Bhatt US, Hanna E, Hanssen-Bauer I, Kim S-J, Thoman RL,
Walsh JE. 2020 Arctic report card 2020: Surface air temperature. (doi:10.25923/GCW8-2Z06)

6. Rantanen M, Karpechko AY, Lipponen A, Nordling K, Hyvéarinen O, Ruosteenoja K, Vihma T,
Laaksonen A. 2022 The Arctic has warmed nearly four times faster than the globe since 1979.
Commun. Earth Environ. 3, 1-10. (doi:10.1038 /s43247-022-00498-3)

7. Schuur EAG et al. 2008 Vulnerability of permafrost carbon to climate change: implications for
the global carbon cycle. Bioscience 58, 701-714. (d0i:10.1641/B580807)

8. Schuur EAG et al. 2015 Climate change and the permafrost carbon feedback. Nature 520,
171-179. (doi:10.1038 /nature14338)

9. Schuur EAG, Mack MC. 2018 Ecological response to permafrost thaw and consequences
for local and global ecosystem services. Annu. Rev. Ecol. Evol. Syst. 49, 279-301.
(doi:10.1146 /annurev-ecolsys-121415-032349)

10. Schuur EAG et al. 2022 Permafrost and climate change: carbon cycle feedbacks
from the warming arctic. Annu. Rev. Environ. Resour. 47, 343-371. (doi:10.1146/
annurev-environ-012220-011847)

11. Brown ], Ferrians O], Heginbottom JA, Melnikov ES. In press. Circum-arctic map of
permafrost and ground ice conditions. See https://scholar.archive.org/work/15nagtjinkbh
cpfbivxsen2abua/access/wayback/https:/ /pubs.usgs.gov/cp/45/report.pdf (accessed on
16 November 2022)

12. Zhang T, Heginbottom JA, Barry RG, Brown J. 2000 Further statistics on the distribution
of permafrost and ground ice in the Northern Hemisphere. Polar Geogr. 24, 126-131.
(doi:10.1080/10889370009377692)

13. Gruber S. 2012 Derivation and analysis of a high-resolution estimate of global permafrost
zonation. The Cryosphere 6, 221-233. (d0i:10.5194/ tc-6-221-2012)

14. Obu J et al. 2019 Northern Hemisphere permafrost map based on TTOP modelling for 2000-
2016 at 1 km? scale. Earth-Sci. Rev. 193, 299-316. (d0i:10.1016/ j-earscirev.2019.04.023)

15. Hugelius G et al. 2014 Estimated stocks of circumpolar permafrost carbon with
quantified uncertainty ranges and identified data gaps. Biogeosciences 11, 6573-6593.
(doi:10.5194/bg-11-6573-2014)

16. Biskaborn BK et al. 2019 Permafrost is warming at a global scale. Nat. Commun. 10, 264.
(doi:10.1038 /541467-018-08240-4)

0707207 L8€ 1 205 Supi 144 ®1syeuinol/bio'Buysigndaposefor


http://dx.doi.org/10.1029/2005gl025244
http://dx.doi.org/10.1038/ngeo2071
https://doi.org/10.5194/egusphere-egu2020-164
http://dx.doi.org/10.25923/GCW8-2Z06
http://dx.doi.org/10.1038/s43247-022-00498-3
http://dx.doi.org/10.1641/B580807
http://dx.doi.org/10.1038/nature14338
http://dx.doi.org/10.1146/annurev-ecolsys-121415-032349
http://dx.doi.org/10.1146/annurev-environ-012220-011847
http://dx.doi.org/10.1146/annurev-environ-012220-011847
https://scholar.archive.org/work/l5nagtjnkbhcpfbivxsen2abua/access/wayback/https://pubs.usgs.gov/cp/45/report.pdf
http://dx.doi.org/10.1080/10889370009377692
http://dx.doi.org/10.5194/tc-6-221-2012
http://dx.doi.org/10.1016/j.earscirev.2019.04.023
http://dx.doi.org/10.5194/bg-11-6573-2014
http://dx.doi.org/10.1038/s41467-018-08240-4

Downloaded from https://royal societypublishing.org/ on 13 November 2023

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

McGuire AD et al. 2018 Dependence of the evolution of carbon dynamics in the northern
permafrost region on the trajectory of climate change. Proc. Natl Acad. Sci. USA 115, 3882-3887.
(doi:10.1073/pnas.1719903115)

Davidson EA, Janssens IA. 2006 Temperature sensitivity of soil carbon decomposition and
feedbacks to climate change. Nature 440, 165-173. (doi:10.1038 /nature04514)

Zimov SA, Schuur EAG, Chapin FS. 2006 Permafrost and the global carbon budget. Science
312, 1612-1613. (d0i:10.1126 /science.1128908)

Field CB, Lobell DB, Peters HA, Chiariello NR. 2007 Feedbacks of terrestrial ecosystems
to climate change. Annu. Rev. Environ. Resour. 32, 1-29. (doi:10.1146/annurev.
energy.32.053006.141119)

Heimann M, Reichstein M. 2008 Terrestrial ecosystem carbon dynamics and climate
feedbacks. Nature 451, 289-292. (d0i:10.1038 /nature06591)

Hicks PCE, Schuur EAG, Crummer KG. 2013 Thawing permafrost increases old soil and
autotrophic respiration in tundra: partitioning ecosystem respiration using §'>C and A'*C.
Glob. Chang. Biol. 19, 649-661. (doi:10.1111/gcb.12058)

Trumbore SE. 2006 Carbon respired by terrestrial ecosystems recent progress and challenges.
Glob. Chang. Biol. 12, 141-153. (doi:10.1111/j.1365-2486.2006.01067.x)

Trumbore SE. 2000 Age of soil organic matter and soil respiration: radiocarbon
constraints on belowground c¢ dynamics. Ecol. Appl. 10, 399-411. (doi:10.1890/1051-
0761(2000)010[0399:a0soma]2.0.co;2)

Heaton TJ, Bard E, Bronk Ramsey C, Butzin M, Kohler P, Muscheler R, Reimer PJ, Wacker
L. 2021 Radiocarbon: a key tracer for studying Earth’s dynamo, climate system, carbon cycle,
and Sun. Science 374, eabd7096. (d0i:10.1126 /science.abd7096)

Trumbore SE. 2009 Radiocarbon and soil carbon dynamics. Annu. Rev. Earth Planet. Sci. 37,
47-66. (doi:10.1146/annurev.earth.36.031207.124300)

Schuur EAG, Vogel JG, Crummer KG, Lee H, Sickman JO, Osterkamp TE. 2009 The effect
of permafrost thaw on old carbon release and net carbon exchange from tundra. Nature 459,
556-559. (d0i:10.1038 /nature08031)

Hicks PCE, Schuur EAG, Natali SM, Crummer KG. 2015 OIld soil carbon losses increase
with ecosystem respiration in experimentally thawed tundra. Nat. Clim. Chang. 6, 214-218.
(doi:10.1038 /nclimate2830)

Pegoraro EF, Mauritz ME, Ogle K, Ebert CH, Schuur EAG. 2021 Lower soil moisture and
deep soil temperatures in thermokarst features increase old soil carbon loss after 10 years of
experimental permafrost warming. Glob. Chang. Biol. 27, 1293-1308. (doi:10.1111/gcb.15481)
Mauritz M, Pegoraro E, Ogle K, Ebert C, Schuur EAG. 2021 Investigating thaw and plant
productivity constraints on old soil carbon respiration from permafrost. J. Geophys. Res.
Biogeosci. 126, €2020JG006000. (doi:10.1029 /2020jg006000)

Schuur EAG, Crummer KG, Vogel JG, Mack MC. 2007 Plant species composition and
productivity following permafrost thaw and thermokarst in Alaskan Tundra. Ecosystems 10,
280-292. (d0i:10.1007 /s10021-007-9024-0)

Natali SM, Schuur EAG, Rubin RL. 2012 Increased plant productivity in Alaskan tundra
as a result of experimental warming of soil and permafrost. J. Ecol. 100, 488-498.
(doi:10.1111/.1365-2745.2011.01925.x)

Belshe EF, Schuur EAG, Bolker BM, Bracho R. 2012 Incorporating spatial heterogeneity
created by permafrost thaw into a landscape carbon estimate. . Geophys. Res. Biogeosci. 117.
(doi:10.1029/2011JG001836)

Deane-Coe KK, Mauritz M, Celis G, Salmon V, Crummer KG, Natali SM, Schuur EAG.
2015 Experimental warming alters productivity and isotopic signatures of tundra Mosses.
Ecosystems 18, 1070-1082. (doi:10.1007 /s10021-015-9884-7)

Staff SS. 1999 Soil taxonomy: a basic system of soil classification for making and interpreting soil
surveys. USDA, Natural Resources Conservation Service.

Hicks PCE, Schuur EAG, Crummer KG. 2012 Holocene carbon stocks and carbon
accumulation rates altered in soils undergoing permafrost thaw. Ecosystems 15, 162-173.
(doi:10.1007 /s10021-011-9500-4)

Hutchings JA, Bianchi TS, Kaufman DS, Kholodov AL, Vaughn DR, Schuur EAG. 2019
Millennial-scale carbon accumulation and molecular transformation in a permafrost core from
Interior Alaska. Geochim. Cosmochim. Acta 253, 231-248. (d0i:10.1016/j.gca.2019.03.028)

acocaot st 7 05 4 s g e siosansiandaposeior [


http://dx.doi.org/10.1073/pnas.1719903115
http://dx.doi.org/10.1038/nature04514
http://dx.doi.org/10.1126/science.1128908
http://dx.doi.org/10.1146/annurev.energy.32.053006.141119
http://dx.doi.org/10.1146/annurev.energy.32.053006.141119
http://dx.doi.org/10.1038/nature06591
http://dx.doi.org/10.1111/gcb.12058
http://dx.doi.org/10.1111/j.1365-2486.2006.01067.x
http://dx.doi.org/10.1890/1051-0761(2000)010[0399:aosoma]2.0.co;2
http://dx.doi.org/10.1890/1051-0761(2000)010[0399:aosoma]2.0.co;2
http://dx.doi.org/10.1126/science.abd7096
http://dx.doi.org/10.1146/annurev.earth.36.031207.124300
http://dx.doi.org/10.1038/nature08031
http://dx.doi.org/10.1038/nclimate2830
http://dx.doi.org/10.1111/gcb.15481
http://dx.doi.org/10.1029/2020jg006000
http://dx.doi.org/10.1007/s10021-007-9024-0
http://dx.doi.org/10.1111/j.1365-2745.2011.01925.x
http://dx.doi.org/10.1029/2011JG001836
http://dx.doi.org/10.1007/s10021-015-9884-7
http://dx.doi.org/10.1007/s10021-011-9500-4
http://dx.doi.org/10.1016/j.gca.2019.03.028

Downloaded from https://royal societypublishing.org/ on 13 November 2023

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Marshall LP, Kaufman DS, Anderson RS, McKay NP, Schuur EAG. 2023 Organic-matter
accumulation and degradation in Holocene permafrost deposits along a Central Alaska
Hillslope. JGR Biogeosciences. (d0i:10.1029/2022]G007290)

Osterkamp TE, Jorgenson MT, Schuur EAG, Shur YL, Kanevskiy MZ, Vogel JG, Tumskoy VE.
2009 Physical and ecological changes associated with warming permafrost and thermokarst
in Interior Alaska. Permafrost Periglacial Processes 20, 235-256. (doi:10.1002/ppp.656)
Osterkamp TE, Romanovsky VE. 1999 Evidence for warming and thawing of discontinuous
permafrost in Alaska. Permafrost Periglacial Processes. 10, 17-37. (https:/ /ideas.repec.org/a/
wly/perpro/v10y1999i1p17-37 html)

Schuur EAG et al. 2021 Tundra underlain by thawing permafrost persistently emits carbon to
the atmosphere over 15 years of measurements. J. Geophys. Res. Biogeosci. 126, €2020jg006044.
(doi:10.1029/2020jg006044)

Vogel ], Schuur EAG, Trucco C, Lee H. 2009 Response of CO, exchange in a tussock
tundra ecosystem to permafrost thaw and thermokarst development. J. Geophys. Res. 114,
€2008jg000901. (doi:10.1029/2008jg000901)

Natali SM, Schuur EAG, Trucco C, Hicks Pries CE, Crummer KG, Baron Lopez AF. 2011
Effects of experimental warming of air, soil and permafrost on carbon balance in Alaskan
tundra. Glob. Chang. Biol. 17, 1394-1407. (doi:10.1111/j.1365-2486.2010.02303.x)

Kelley AK, Pegoraro E, Mauritz M, Hutchings ], Natali S, Hicks-Pries CE, Schuur E, Lter BC.
2022 Eight Mile Lake Research Watershed, Thaw Gradient: Seasonal thaw depth 2004-2021.
(doi:10.6073 /PASTA /854B92439CCCEEC557A810D09DFAF174)

Natali SM et al. 2015 Permafrost thaw and soil moisture driving CO, and CHj release from
upland tundra. J. Geophys. Res. Biogeosci. 120, 525-537. (d0i:10.1002 /2014]G002872)
Rodenhizer H et al. 2020 Carbon thaw rate doubles when accounting for subsidence
in a permafrost warming experiment. ]. Geophys. Res. Biogeosci. 125, e2019jg005528.
(doi:10.1029/2019jg005528)

Taylor MA, Celis G, Ledman JD, Mauritz M, Natali SM, Pegoraro E-F, Schddel C, Schuur EAG.
2021 Experimental soil warming and permafrost thaw increase CH4 emissions in an upland
tundra ecosystem. J. Geophys. Res. Biogeosci. 126, €2021jg006376. (doi:10.1029/2021jg006376)
Bauer JE, Williams PM, Druffel ERM. 1992 Recovery of submilligram quantities of carbon
dioxide from gas streams by molecular sieve for subsequent determination of isotopic carbon-
13 and carbon-14 natural abundances. Anal. Chem. 64, 824-827. (d0i:10.1021/ac00031a024)
Gaudinski JB, Trumbore SE, Davidson EA, Zheng S. 2000 Soil carbon cycling in a temperate
forest: radiocarbon-based estimates of residence times, sequestration rates and partitioning of
fluxes. Biogeochemistry 51, 33-69. (doi:10.1023/a:1006301010014)

Schuur EAG, Trumbore SE. 2006 Partitioning sources of soil respiration in boreal black spruce
forest using radiocarbon. Glob. Chang. Biol. 12, 165-176. (d0i:10.1111/j.1365-2486.2005.01066.x)
Schuur EAG, Carbone MS, Hicks Pries CE, Hopkins FM, Natali SM. 2016 Radiocarbon and
climate change: mechanisms, applications, and laboratory techniques, pp. 167-220. Springer.
Stuiver M, Polach HA. 1977 Discussion reporting of 14C data. Radiocarbon 19, 355-363.
(doi:10.1017/50033822200003672)

Trumbore SE, Sierra CA, Hicks Pries CE. 2016 Radiocarbon nomenclature, theory, models,
and interpretation: measuring age, determining cycling rates, and tracing source pools. In
Radiocarbon and climate change: mechanisms, applications and laboratory techniques (eds EAG
Schuur, E Druffel, SE Trumbore), pp. 45-82. Cham, Switzerland: Springer International
Publishing.

Hsueh DY, Krakauer NY, Randerson JT, Xu X, Trumbore SE, Southon JR. 2007 Regional
patterns of radiocarbon and fossil fuel-derived CO2in surface air across North America.
Geophys. Res. Lett. 34, e2006g1027032. (d0i:10.1029 /2006g1027032)

Riley WJ, Hsueh DY, Randerson JT. 2008 Where do fossil fuel carbon dioxide emissions from
California go? An analysis based on radiocarbon observations and an atmospheric transport
model. J. Geophys. Res. 113, e2007JG000625. (d0i:10.1029/2007]G000625)

Yanez CC, Hopkins F, Xu X, Tavares-Reager J, Welch A, Czimczik CI. 2022 Reductions in
California’s urban fossil fuel CO, emissions during the COVID-19 pandemic. Earth and Space
Science Open Archive.3, (d0i:10.1002/essoar.10511271.1)

0707207 L8€ 1 205 Supi 144 ®1syeuinol/bio'Buysigndaposefor


http://dx.doi.org/10.1029/2022JG007290
http://dx.doi.org/10.1002/ppp.656
https://ideas.repec.org/a/wly/perpro/v10y1999i1p17-37.html
https://ideas.repec.org/a/wly/perpro/v10y1999i1p17-37.html
http://dx.doi.org/10.1029/2020jg006044
http://dx.doi.org/10.1029/2008jg000901
http://dx.doi.org/10.1111/j.1365-2486.2010.02303.x
http://dx.doi.org/10.6073/PASTA/854B92439CCCEEC557A810D09DFAF174
http://dx.doi.org/10.1002/2014JG002872
http://dx.doi.org/10.1029/2019jg005528
http://dx.doi.org/10.1029/2021jg006376
http://dx.doi.org/10.1021/ac00031a024
http://dx.doi.org/10.1023/a:1006301010014
http://dx.doi.org/10.1111/j.1365-2486.2005.01066.x
http://dx.doi.org/10.1017/S0033822200003672
http://dx.doi.org/10.1029/2006gl027032
http://dx.doi.org/10.1029/2007JG000625
http://dx.doi.org/10.1002/essoar.10511271.1

Downloaded from https://royal societypublishing.org/ on 13 November 2023

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Carbone M, Munson S, Schuur EAG, Ayers T, Ebert C, Richardson A. 2023 Atmospheric
radiocarbon for the period 1910 to 2021 recorded by annual plants. Radiocarbon 65, 357-374.
(doi:10.1017/RDC.2023.5)

Xu X. 2022 Atmospheric 14CO; time series from Point Barrow, Alaska: ending of the ‘Bomb
Radiocarbon Period” in the Northern Hemisphere.

Mauritz M et al. 2017 Nonlinear CO; flux response to 7 years of experimentally induced
permafrost thaw. Glob. Chang. Biol. 23, 3646-3666. (d0i:10.1111/gcb.13661)

Rodenhizer H. 2022 Abrupt thaw and the permafrost carbon feedback. PhD, Northern
Arizona University.

Salmon VG, Soucy P, Mauritz M, Celis G, Natali SM, Mack MC, Schuur EAG. 2016 Nitrogen
availability increases in a tundra ecosystem during five years of experimental permafrost
thaw. Glob. Chang. Biol. 22, 1927-1941. (d0i:10.1111/gcb.13204)

Chapin III FS et al. 2006 Reconciling carbon-cycle concepts, terminology, and methods.
Ecosystems 9, 1041-1050. (doi:10.1007 /s10021-005-0105-7)

Aubinet M et al. 1999 Estimates of the annual net carbon and water exchange of forests:
the EUROFLUX methodology. In Advances in ecological research (eds AH Fitter, DG Raffaelli),
pp. 113-175. New York, NY: Academic Press.

Baldocchi DD. 2003 Assessing the eddy covariance technique for evaluating carbon dioxide
exchange rates of ecosystems: past, present and future. Glob. Chang. Biol. 9, 479—492.
(doi:10.1046/j.1365-2486.2003.00629.x)

Team RC. 2021 R: a language and environment for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing.

Pinheiro ], Bates D, DebRoy S, Sarkar D. 2018 R Core Team. 2018. nlme: linear and nonlinear
mixed effects models. R package version 3.1-137.

Pedron SA, Welker JM, Euskirchen ES, Klein ES, Walker JC, Xu X, Czimczik CI. 2022 Closing
the winter gap—year-round measurements of soil CO; emission sources in arctic tundra.
Geophys. Res. Lett. 49, €2021g1097347. (doi:10.1029/2021g1097347)

Vaughn L, Torn M. 2018 Radiocarbon in CO; and soil organic matter from laboratory
incubations, Utqiagvik (Barrow), Alaska, 2012. (doi:10.5440/1418852)

Paternoster R, Brame R, Mazerolle P, Piquero A. 1998 Using the correct statistical
test for the equality of regression coefficients. Criminology 36, 859-866. (doi:10.1111/
j-1745-9125.1998.tb01268.x)

Greenwell B, Boehmke B, Cunningham J. In press. gbm: Generalized boosted regression
models. R package version.

Graven HD. 2015 Impact of fossil fuel emissions on atmospheric radiocarbon and various
applications of radiocarbon over this century. Proc. Natl Acad. Sci. USA 112, 9542-9545.
(doi:10.1073/pnas.1504467112)

Turnbull JC, Graven HD, Krakauer NY. 2016 Radiocarbon in the Atmosphere. In Radiocarbon
and climate change: mechanisms, applications and laboratory techniques (eds EAG Schuur,
E Druffel, SE Trumbore), pp. 83-137. Cham, Switzerland: Springer International Publishing.
Randerson JT, Enting IG, Schuur EAG, Caldeira K, Fung IY. 2002 Seasonal and latitudinal
variability of troposphere A14CO,: post bomb contributions from fossil fuels, oceans,
the stratosphere, and the terrestrial biosphere. Global Biogeochem. Cycles 16, 59-1-59-19.
(doi:10.1029/2002gb001876)

Naegler T, Levin I. 2006 Closing the global radiocarbon budget 1945-2005. ]. Geophys. Res. 111.
(doi:10.1029/2005jd006758)

Trumbore SE, Druffel ERM. 1995 Carbon isotopes for characterizing sources and turnover of
nonliving organic matter. In Role of nonliving organic matter in the earth’s carbon cycle (eds RG
Zepp, C Sonntag), pp. 7-22. New York, NY: John Wiley & Sons.

Trumbore SE. 1997 Potential responses of soil organic carbon to global environmental change.
Proc. Natl Acad. Sci. USA 94, 8284-8291. (d0i:10.1073 /pnas.94.16.8284)

Levin I, Hammer S, Kromer B, Preunkert S, Weller R, Worthy DE. 2022 Radiocarbon in global
tropospheric carbon dioxide. Radiocarbon 64, 781-791. (doi:10.1017 /RDC.2021.102)

Schuur EAG, Carbone MS, Hicks Pries CE, Hopkins FM, Natali SM. 2016 Radiocarbon
in terrestrial systems. Radiocarbon Climate Change. 167-220. (d0i:10.1007/978-3-319-25643-
6_6)

0707207 L8€ 1 205 Supi 144 ®1syeuinol/bio'Buysigndaposefor


http://dx.doi.org/10.1017/RDC.2023.5
http://dx.doi.org/10.1111/gcb.13661
http://dx.doi.org/10.1111/gcb.13204
http://dx.doi.org/10.1007/s10021-005-0105-7
http://dx.doi.org/10.1046/j.1365-2486.2003.00629.x
http://dx.doi.org/10.1029/2021gl097347
http://dx.doi.org/10.5440/1418852
http://dx.doi.org/10.1111/j.1745-9125.1998.tb01268.x
http://dx.doi.org/10.1111/j.1745-9125.1998.tb01268.x
http://dx.doi.org/10.1073/pnas.1504467112
http://dx.doi.org/10.1029/2002gb001876
http://dx.doi.org/10.1029/2005jd006758
http://dx.doi.org/10.1073/pnas.94.16.8284
http://dx.doi.org/10.1017/RDC.2021.102
https://doi.org/10.1007/978-3-319-25643-6_6
https://doi.org/10.1007/978-3-319-25643-6_6

Downloaded from https://royal societypublishing.org/ on 13 November 2023

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Sierra CA, Hoyt AM, He Y, Trumbore SE. 2018 Soil organic matter persistence as a stochastic
process: age and transit time distributions of carbon in soils. Global Biogeochem. Cycles 32,
1574-1588. (d0i:10.1029/2018GB005950)

Hardie SML, Garnett MH, Fallick AE, Ostle NJ, Rowland AP. 2009 Bomb-14C analysis
of ecosystem respiration reveals that peatland vegetation facilitates release of old carbon.
Geoderma 153, 393—-401. (doi:10.1016/j.geoderma.2009.09.002)

Graven HD, Keeling R, Xu X. 2022 Radiocarbon dating: going back in time. Nature 607, 449.
(doi:10.1038 /d41586-022-01954-y)

Winston GC, Sundquist ET, Stephens BB, Trumbore SE. 1997 Winter CO; fluxes in a boreal
forest. J. Geophys. Res. 102, 28 795-28 804. (d0i:10.1029/97jd01115)

Estop-Aragonés C et al. 2020 Assessing the potential for mobilization of old soil carbon after
permafrost thaw: a synthesis of 14 C measurements from the northern permafrost region.
Global Biogeochem. Cycles 34, €2020gb006672. (d0i:10.1029 /2020gb006672)

Lupascu M, Welker JM, Xu X, Czimczik CI. 2014 Rates and radiocarbon content of summer
ecosystem respiration in response to long-term deeper snow in the High Arctic of NW
Greenland. ]. Geophys. Res. Biogeosci. 119, 1180-1194. (doi:10.1002 /2013jg002494)

Hicks PCE, van Logtestijn RSP, Schuur EAG, Natali SM, Cornelissen JHC, Aerts R, Dorrepaal
E. 2015 Decadal warming causes a consistent and persistent shift from heterotrophic to
autotrophic respiration in contrasting permafrost ecosystems. Glob. Chang. Biol. 21, 4508-4519.
(doi:10.1111/gcb.13032)

Stuart JEM, Tucker CL, Lilleskov EA, Kolka RK, Chimner RA, Heckman KA, Kane ES. 2022
Evidence for older carbon loss with lowered water tables and changing plant functional
groups in peatlands. Glob. Chang. Biol. 29, 780-793. (d0i:10.1111/gcb.16508)

Kwon MJ et al. 2019 Drainage enhances modern soil carbon contribution but reduces old
soil carbon contribution to ecosystem respiration in tundra ecosystems. Glob. Chang. Biol. 25,
1315-1325. (d0i:10.1111/gcb.14578)

Slater AG, Lawrence DM. 2013 Diagnosing present and future permafrost from climate
models. . Clim. 26, 5608-5623. (doi:10.1175/JCLI-D-12-00341.1)

Meredith M, Sommerkorn M, Cassotta S, Derksen C, Ekaykin A. 2019 Polar regions. In IPCC
special report on theOcean and cryosphere in a changing climate, pp. 203-320. Cambridge, UK:
Cambridge University Press.

Canadell JG, Montiero P, Costa MH, Da Cunha C, Cox L. 2021 Global carbon and other
biogeochemical cycles and feedbacks. In climate change 2021: The physical science basis.
Contribution of working group I to the sixth assessment report of the intergovernmental panel on
climate change, pp. 673-816. Cambridge, UK: Cambridge University Press.

Lawrence DM, Koven CD, Swenson SC, Riley W], Slater AG. 2015 Permafrost thaw and
resulting soil moisture changes regulate projected high-latitude CO, and CHj emissions.
Environ. Res. Lett 10, 094011. (d0i:10.1088/1748-9326/10/9/094011)

Walvoord MA, Striegl RG. 2021 Complex vulnerabilities of the water and aquatic carbon
cycles to permafrost thaw. Front. Clim. 3, 730402. (d0i:10.3389/fclim.2021.730402)

Anthony KW, Daanen R, Anthony P, von Deimling TS, Ping C-L, Chanton JP, Grosse G. 2016
Methane emissions proportional to permafrost carbon thawed in Arctic lakes since the 1950s.
Nat. Geosci. 9, 679-682. (doi:10.1038 /ngeo2795)

Andresen CG et al. 2020 Soil moisture and hydrology projections of the permafrost region — a
model intercomparison. Cryosphere 14, 445-459. (d0i:10.5194 / tc-14-445-2020)

Armstrong MDI et al. 2022 Exceeding 1.5°C global warming could trigger multiple climate
tipping points. Science 377, eabn7950. (d0i:10.1126 /science.abn7950)

0707207 L8€ 1 205 Supi 144 ®1syeuinol/bio'Buysigndaposefor


http://dx.doi.org/10.1029/2018GB005950
http://dx.doi.org/10.1016/j.geoderma.2009.09.002
http://dx.doi.org/10.1038/d41586-022-01954-y
http://dx.doi.org/10.1029/97jd01115
http://dx.doi.org/10.1029/2020gb006672
http://dx.doi.org/10.1002/2013jg002494
http://dx.doi.org/10.1111/gcb.13032
http://dx.doi.org/10.1111/gcb.16508
http://dx.doi.org/10.1111/gcb.14578
http://dx.doi.org/10.1175/JCLI-D-12-00341.1
http://dx.doi.org/10.1088/1748-9326/10/9/094011
http://dx.doi.org/10.3389/fclim.2021.730402
http://dx.doi.org/10.1038/ngeo2795
http://dx.doi.org/10.5194/tc-14-445-2020
http://dx.doi.org/10.1126/science.abn7950

	Introduction
	Methods
	Site and measurement locations
	Ecosystem and soil respiration
	Annual plants and soil organic matter
	Environmental measurements
	Statistical analysis

	Results
	Atmosphere
	Ecosystem and soil respiration
	Soil organic carbon
	Environmental drivers

	Discussion
	Conclusion
	References



