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Permafrost soils store large reservoirs of organic carbon isolated from the modern carbon
cycle for hundreds to thousands of years. Mobilization of old carbon to the atmosphere and
aquatic systems has the potential to amplify climate warming through a permafrost-carbon
feedback. Quantifying old carbon release through different ecosystem pathways over time
is key to understanding the strength of this feedback. However, long-term observational
records remain rare. Here we present a multi-decadal radiocarbon record of carbon dioxide
(COy) from terrestrial systems and dissolved organic carbon (DOC) from aquatic systems
across Alaskan permafrost landscapes. Radiocarbon measurements, which distinguish
young, recently fixed carbon from older carbon, show a sustained and accelerating
increase in the contribution of old carbon to all fluxes since the early 2000s. The shift
toward older carbon was more pronounced in aquatic DOC than in terrestrial CO2 fluxes,
likely reflecting greater mobilization of carbon from deeper, previously frozen soil horizons.
The integration of old carbon across watersheds makes aquatic fluxes particularly sensitive
indicators of landscape-scale permafrost carbon mobilization. This signal records
decadal-scale change in ecosystem old carbon flux, pointing towards threshold change in
these permafrost ecosystems. Together, this dataset provides direct evidence that warming
is driving a persistent shift in carbon loss pathways and contributing to the permafrost-
carbon feedback.

Permafrost regions in the northern hemisphere store a disproportionately large
share of the world’s soil organic carbon, accumulated over centuries to millennia'3.
However, rapid warming* has the potential to render this old carbon pool vulnerable to
decomposition by microbes and release into the active carbon cycle®. The net release of
permafrost carbon into the atmosphere has the potential to accelerate climate warming,
which can be mitigated in part by increased plant growth and carbon uptake®®. This
permafrost carbon feedback’? has been identified as one of the largest feedbacks to
anthropogenic climate change, but also one where the magnitude is most uncertain’=2.
Despite the potential importance of permafrost carbon for climate in a warmer world,
observational evidence demonstrating the release of old carbon in ecosystem fluxes
remains limited®%°,

Tracking the release of old carbon as part of ecosystem carbon fluxes, such as DOC
and CO,, is possible using radiocarbon (**C)""-'%. Radiocarbon is a powerful tracer that
records the time elapsed since carbon was incorporated by plant photosynthesis from the
atmosphere into the ecosystem, providing a measure of carbon age and turnover in soils,
plants, and ecosystem fluxes' 8. Relatively young surface soil and plant carbon reflect the
contemporary atmospheric radiocarbon signal, which incorporates the legacy of mid-
twentieth-century nuclear weapons testing and continued dilution from fossil fuel burning,
as well as carbon exchange with the ocean and biosphere. In contrast, older carbon stored
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for centuries to millennia and isolated from atmospheric exchange, such as permafrost
carbon, is depleted in radiocarbon due to radioactive decay'®23.

Radiocarbon measurements across ecosystem pools and fluxes illuminate carbon
flow pathways and constrain turnover times?. Comparing radiocarbon values of carbon
fluxes to the atmospheric baseline enables estimation of ecosystem carbon pool turnover
including old carbon contribution'2426, Repeated observations through time further enable
the detection of carbon cycle processes including ecosystem disequilibrium. This is when
the rate of change through time in the radiocarbon of fluxes exceeds what steady-state
turnover would predict and can provide direct evidence of increasing old carbon
contribution to contemporary ecosystem fluxes'.

Despite this potential to elucidate the permafrost carbon feedback, long-term
observational constraints on permafrost carbon mobilization remain scarce because
radiocarbon studies of ecosystem pools and fluxes have historically been limited by
analytical cost, sample size requirements, and logistical challenges in remote Arctic
environments, resulting in a reliance on short-term campaigns or isolated
measurements'>2>27:26. Consequently, multi-decadal radiocarbon time series of carbon
fluxes are rare yet invaluable for fingerprinting old carbon release from permafrost. Here,
we present a 22-year radiocarbon timeseries of CO, and DOC measurements (n = 1,693)
across a network of permafrost ecosystems in Interior Alaska. We combine terrestrial CO,
and aquatic DOC flux records to determine the integrated landscape response, using both
contemporary and historic samples. We applied isotope mixing models to separate
contributions of old and young carbon pools to carbon flux pathways to determine
decadal-scale changes. This unique long-term record enables direct assessment of shifts
in old carbon mobilization and helps to identify environmental drivers. Together, these
observations provide novel constraints on the dynamics of the permafrost carbon feedback
and its role in accelerating Arctic and global climate change.

Carbon fluxes show accelerating radiocarbon depletion

The terrestrial CO; (soil respiration, ecosystem respiration) and aquatic DOC
measurements, spanning increasing spatial integration from soil pore water to first-order
(~0.5 m width) and second-order (~5-10 m width) streams, were concentrated at one
intensive study site. Measurements culminated with regional-scale measurements of
higher-order streams (>5-10m width) across the Yukon River basin. During the study period,
the atmosphere radiocarbon signal declined at -3.8%o yr~"' (2002 and 2024; Fig. 1), due to
fossil fuel combustion?**® and all terrestrial and aquatic radiocarbon fluxes exhibited
steeper negative trends than atmospheric radiocarbon. This is consistent with increasing
contributions from older carbon pools to both aquatic and terrestrial fluxes over the study
period, outpacing fossil fuel dilution in the atmosphere that imprints on young carbon.
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Soil respiration (belowground CO, within the surface soil) and ecosystem
respiration (total CO, leaving the ecosystem back to the atmosphere) declined at rates of -
6.6 and 6.3%o yr~' (SE = 0.5 and 0.2, respectively; both p<0.001). These terrestrial fluxes
differ in their relative contributions from plant metabolism vs soil organic matter
decomposition, with soil respiration reflecting a greater proportion of the soil microbial
signal relative to ecosystem respiration. Within DOC fluxes, the steepest declines were
observed in soil pore water (-15.6%o yr~', SE = 2.7, p<0.001), followed by higher-order
streams (-12.2%o yr~', SE = 1.3, p<0.001), second-order streams (-11.3%o yr~', SE = 2.7,
p<0.01) and first-order streams (-5.2%o yr~', SE = 0.5, p<0.001).

Between terrestrial and aquatic flux types, radiocarbon decline was greatest in soil
pore water and higher-order stream DOC, while CO, fluxes showed declines intermediate
between atmosphere and most DOC values (Fig. S1). Pairwise comparisons revealed that
DOC in soil pore water and higher-order streams declined significantly faster than first-
order streams, and both CO; fluxes (BH-adjusted Z-test, p<0.001 for all three), despite wide
95% confidence intervals (Fig. S1). Second-order stream DOC declines were statistically
similar to both the terrestrial CO, and DOC fluxes from other aquatic ecosystems.

Radiocarbon distributions of carbon fluxes, normalized to atmospheric radiocarbon
in the year of sample collection (AA'*C), further revealed increasing contributions of older
carbon over time (Fig. 1B). Early in the time series (2002-2013), fluxes exhibited AA'*C
distributions centered near zero, indicating dominance of fast-cycling, young carbon
sources similar to the atmosphere. In later years (2014-2024), distributions shifted towards
more negative AA™C values, reflecting progressive mobilization of older carbon. Figure 1B
highlights these trends for fluxes with the longest records. The median apparent
radiocarbon age became 320 years older (95% CI: 280 to 350 years) for ecosystem
respiration and 650 years older (95% CI: 560 to 750 years) for soil respiration between
periods (Fig. S2). DOC radiocarbon ages in higher order stream shifted 2,040 years older
(95% CI: 980 to 2670 years). The oldest flux sample measured was a 2024 soil respiration
sample with an apparent radiocarbon age of 6120 years before 1950.

Old carbon contributions increase over time

The radiocarbon values of DOC and CO, represent carbon mixtures of different
ages. We defined two end members present in these mixtures: young carbon (median A™C
of 39+107%o, with a modern radiocarbon age, derived from surface soil 0-25cm) and old
carbon (median A™C of -442+182%o and radiocarbon age of 5,000 years BP, derived from
deeper soil 45-105cm; Fig. S3). Even in a steady-state system, fluxes include contributions
from older carbon, with their smaller relative proportion reflecting the longer turnover times
of these soil pools. By applying Bayesian isotope mixing models, we quantified how the
proportions of young and old carbon changed over time, providing insight into temporal
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variation in pool turnover. These mixing models ultimately revealed consistentincreases in
the relative contributions of old carbon across all measured flux types (Fig. 2, Table S2) and
these trends were conserved even when the end-member values were perturbed in
sensitivity tests (Fig. S4). At the start of the record, old carbon comprised less than 20% of
all fluxes and by the end of the record, old carbon contributions had all increased by 37-
80%. The posterior probability of an increase in old carbon contributions exceeded 99.9%
for ecosystem respiration, soil respiration, and soil pore water DOC, with credible intervals
entirely above zero. Stream fluxes showed consistent directional increases with posterior
probabilities of 79 to 89%, though greater hydrologic variability and sparser sampling
produced wider uncertainty in these fluxes.

At the intensive site scale, old carbon contributions increased most dramatically in
the terrestrial, CO; flux pathways. By 2024, mean contributions (+SD) reached 62+10% in
ecosystem respiration and 80+8% in soil respiration, up from less than 2% and 5% at the
start of their respective records. These fluxes directly integrate soil profile respiration and
thus reflect the increasing decomposition of deeper, older organic matter. Soil pore water,
which represents lateral subsurface flow, similarly increased from 6% to 56+10% old
carbon by 2024, consistent with deepening flow paths reaching older soil horizons as a
result of permafrost degradation.

Downstream, first- and second-order streams draining the intensive, terrestrial
measurement sites showed similar trajectories, reaching 50+24% and 48+33% old carbon
respectively by the end of the time series, with wide uncertainty likely reflecting fewer
observations of stream DOC radiocarbon and flow paths and dynamics of headwaters that
influence C sources. Moving to a regional scale, higher-order streams across the Yukon
River basin showed old carbon contributions nearly doubling from 20+8% (2002-2011) to
37+14% (2024), demonstrating that old carbon mobilization extends beyond a single site
and reflects a consistent, system-wide shift across aquatic and terrestrial carbon export
pathways over the past two decades.

Warming releases older carbon across terrestrial and aquatic fluxes

To evaluate drivers of change in old carbon contribution, we examined relationships
between radiocarbon declines and air temperature. Radiocarbon values decreased with
increased mean annual air temperature for all fluxes (Fig. 3), with slopes ranging from -
0.15%o °C™" for ecosystem respiration to -0.57%o °C™" for first-order stream water. In each
case, warmer years were associated with more negative AAC values, indicating increased
mobilization of older carbon pools under warmer conditions (all p<0.0001, except higher-
order streams p = 0.55). The strongest temperature sensitivities were observed in the
stream DOC fluxes, particularly first-order (slope = -0.57), suggesting that hydrologic
pathways integrating deeper soil carbon pools may be especially responsive to warming.
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Soil pore water showed an intermediate sensitivity (slope =-0.39), while the respiratory
fluxes showed weaker but still significant relationships (soil respiration slope = -0.35,
ecosystem respiration slope =-0.15).

Old aquatic fluxes reveal an enhanced signal of permafrost thaw

Soil pore water, perched directly atop the thawing permafrost table, likely
represents the most source-proximal signal in this dataset, with minimal dilution by young,
plant-derived inputs and direct connectivity to deepening active layer horizons. As the
permafrost table thawed and receded further below ground over the course of this
timeseries®!, pore water integrated progressively less surface soil and plant carbon and
more carbon from the deepest accessible soil horizons. This signal is likely amplified
during periods when the water table drops below the younger, organic surface layer,
increasing contact with older mineral and permafrost-derived carbon'®2, Further, as this
carbon moves laterally through the stream network as DOC, it may progressively mix with
younger carbon from surface runoff, riparian soils, and autochthonous carbon, and be
exposed to more in-stream processing?%3334, Yet, radiocarbon declines in first- and second-
order streams still significantly exceeded atmospheric decline, confirming that the old
carbon signal observed in soil pore DOC is preserved during lateral transport, rather than
being fully diluted by younger carbon inputs or lost to degradation.

Higher order streams as regional indicators of old carbon export

Ultimately, higher-order streams occupied a particularly valuable position in the
carbon export continuum, showing pronounced A'C declines (Fig. 1., Fig. S1) and the
largest radiocarbon age shift of the aquatic fluxes by 2024 (Fig S2, Table S2). Regional
streams integrate carbon mobilized across the full landscape with potentially less dilution
by and more upstream degradation of young autotrophic sources®*3%% making them
particularly sensitive indicators of permafrost carbon mobilization at the catchment scale.
The old carbon signal accumulating in soil pore water and lower-order streams is largely
absent from the predominantly young DOC export that characterizes large Arctic
rivers?’37:% suggesting that this signal is progressively diluted or that old carbon is largely
degraded as carbon moves through a river network. Higher-order streams appear to
represent a critical window, where landscape-scale permafrost mobilization is still
detectable, before that signal is lost within large rivers. This makes them particularly
valuable observational targets, capturing a landscape-integrated permafrost signal that is
neither as concentrated as source-proximal fluxes observed within soil pore water nor as
diluted as major river export.

A persistent, multidecadal shift in old carbon release corresponding with warming air
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temperatures

Radiocarbon depletion increased with annual air temperature across all fluxes (Fig.
3, S5, S6), consistent with deeper active layer thaw®*', enhanced microbial
decomposition of previously frozen organic matter*?*3, and shifts in hydrologic connectivity
that increase subsurface water contact with older carbon pools*“®, At this site, active layer
depth increased from ~53 cm to ~98 cm between 2009 and 2024, with deepening
accelerating from 2.6 cm yr~' in the early record to 3.8 cm yr~" after 2013, providing direct
evidence that the thaw-driven exposure of older, deeper carbon pools accompanied the
radiocarbon trends observed across fluxes*. Though regional active layer depth data are
not available across the full watershed, the coherence of the old carbon signalin higher-
order streams, which integrate inputs across a much larger drainage area, suggests that
similar thaw dynamics are operating at the regional scale with warming (Fig. S6). This
temperature dependence across such diverse flux types suggests that as the landscape
warms, carbon that has been frozen and isolated from decomposition becomes
increasingly accessible, and that signal propagates simultaneously through both terrestrial
and aquatic fluxes.

The radiocarbon record presented here demonstrates an increasing old carbon
signal across diverse terrestrial and aquatic ecosystem fluxes. Each flux began with lower
modeled contributions of old carbon and ended the record with substantially higher
contributions (Fig. 2). In CO, and DOC fluxes across stream networks, radiocarbon
declined faster than the atmosphere (Fig. 1). The coherence across these fluxes, each
integrating a different part of the ecosystem and hydrologic continuum, provides robust
evidence that older carbon, deeper in the soil profile, is entering the contemporary carbon
cycle and that this shift is persistent, not just episodic. While radiocarbon does not
quantify total carbon mass transfer, it uniquely distinguishes whether ecosystem carbon
fluxes reflect young carbon cycling within a steady-state system or old carbon representing
a net addition to the contemporary carbon cycle. The persistent nature of this shift,
corroborated across flux types spanning soil pore water to regional river basins,
substantially strengthens the inference that old carbon mobilization is an ongoing and
intensifying process across changing permafrost landscapes in Alaska.
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238 Figure 1: Radiocarbon signatures of carbon fluxes show an increasing influence of old carbon over time.
239 1A: Time series of A™C values from carbon fluxes sampled between 2002 and 2024, alongside atmospheric
240 A”COZ. Colored lines indicate linear regressions with slope and p-value (***: <0.001, **: <0.01, *: <0.05) for
241 each flux type: higher order streams (light blue), second-order streams (medium blue), first-order streams
242 (dark blue), pore water (pink), ecosystem respiration (yellow), and soil respiration (green). 1B: Density plots of
243 AA™C for three flux types with the longest timeseries, where AA ™C represents the deviation from atmospheric
244 radiocarbon in the year of sample collection to allow for the comparison across years. The vertical black

245 dashed line indicates contemporary atmospheric A™C normalized to zero.
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Figure 2: Modeled contributions of carbon sources to DOC and CO, fluxes.
Plots show relative contributions of young carbon and old carbon to the six flux types, estimated using a
Bayesian isotope mixing model. Time series are shown from 2002-2024 with shaded grey indicating no data.
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Figure 3: Temperature controls on the radiocarbon age of ecosystem carbon fluxes

Relationships between radiocarbon depletion relative to the atmosphere (AA™C) and air temperature across
the carbon fluxes. Solid lines indicate linear fits with shaded 95% confidence intervals. Negative
relationships between AA™C and temperature indicate enhanced mobilization of older carbon under warmer
conditions. AA™C represents the sample A™C deviation from atmospheric radiocarbon in the year of sample
collection to allow for the comparison across years.
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Materials and Methods

Site Context

Our objective was to quantify patterns of radiocarbon release in both terrestrial and
aquatic fluxes across the discontinuous permafrost zone. We compiled high-frequency
time series from the long-term permafrost observatory ACCLIMATE and integrated these
with multi-decadal records of dissolved organic carbon radiocarbon (*C-DOC) from rivers
within the Yukon River watershed. By coupling intensive, site-level observations with
regional riverine datasets, we assessed whether temporal trends observed locally were
reflected at regional scales. To extend the temporal coverage of the riverine record, we re-
sampled previously published sites and updated the *C-DOC time series through 2024.
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The ACCLIMATE observatory is located in the Eight Mile Lake watershed near Healy,
Alaska (63°52'59"N, 149°13'32"W), within the discontinuous permafrost zone (50-90%
permafrost cover). The tundra catchment drains via water tracks and first-order streams
into Panguingue Creek, a second-order stream within the Yukon River basin. Soils comprise
an ~35-cm organic horizon overlying cryoturbated mineral glacial deposits, underlain by
permafrost that has undergone rapid thaw in recent decades, including a doubling of active
layer thickness since 2009 and sustained ground temperatures above 0 °C at 10 cm depth
since 2010. The site includes the long-term Gradient monitoring area (established 2003)
and the CiPEHR whole-ecosystem warming experiment (established 2008), enabling
comparison of natural and experimentally accelerated thaw*’°,

We incorporated previously published and newly extended radiocarbon datasets
from the Birch Creek and Hess Creek watersheds, both major tributaries within the Yukon
River basin and located in the discontinuous permafrost zone of interior Alaska. These
catchments encompass contrasting geomorphic and permafrost settings, including upland
headwaters, ice-rich Yedoma deposits, peat-rich lowlands, and areas of locally continuous
permafrost®. Stream water samples were collected seasonally (2002-2011) and analyzed
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for A™C of bulk DOC using accelerator mass spectrometry. A subset of samples were
collected as hydrophobic organic acid (HPOA) isolates rather than bulk DOC. Paired
comparison at co-sampled sites (n = 5 pairs) showed no significant difference in A'*C
between sample types (mean difference = 5.4 + 12.3%o, paired t-test p = 0.38), with no
proportional bias across the measured range (Bland-Altman analysis) and slope estimates
differing by less than 0.1%o yr~" with or without HPOA inclusion. HPOA isolates were
therefore treated as equivalent to bulk DOC.

At ACCLIMATE, we quantified radiocarbon signatures of terrestrial carbon exported
within respiration fluxes (soil respiration CO, and ecosystem respiration CO,) and
aquatically (soil pore water DOC, first-order stream DOC, and second-order stream DOC,
Panguingue Creek). At this site, soil pore water (~0.5 m depth) drains via water tracks into
headwater streams and subsequently into the second-order stream, Panguingue Creek,
providing a hillslope-to-stream continuum. Water samples were collected during the
growing season (June-September), excluding snowmelt and large storm events. Soil pore
water was sampled from permanent wells (n = 45), purged prior to collection, filtered (0.7
um GF/F pre-ashed filters), acidified (pH<2), and stored refrigerated or frozen until analysis.
In 2023 and 2024, additional samples were obtained using macro-rhizon samplers. Stream
sites were sampled episodically (2007-2016) and weekly during selected growing seasons
(2017, 2020-2024). Soil respiration AMCO2 (2003-2024) was measured using soil gas wells
and passive samplers, and ecosystem respiration AMCO2 was quantified using flow-
through chamber methods.

Laboratory Radiocarbon Analyses

Samples collected after 2019 were analyzed at the Arizona Climate and Ecosystems
(ACE) Isotope Laboratory (Northern Arizona University) and samples from previous years
were analyzed at the UC Irvine W. M. Keck Carbon Cycle Accelerator Mass Spectrometry
Laboratory (University of California Irvine).

CO, samples were recovered from molecular sieve traps by heating to 625 °C,
purified, graphitized, and measured for **C by accelerator mass spectrometry®'. Ecosystem
respiration samples were additionally analyzed for 3'°C to correct for atmospheric CoO,
intrusion using ">C/"*C ratios; soil respiration samples did not require this correction.
Annual plant material was graphitized and analyzed for *C using identical procedures to
determine the annual, atmospheric radiocarbon signal.

DOC samples collected between 2020 and 2024 were oxidized to CO, via wet
chemical oxidation and analyzed on a Miniaturized Carbon Dating System (MICADAS)
equipped with a carbonate handling system (CHS2) and gas interface system (GIS)®2. Pre-
2020 DOC samples were concentrated by rotary evaporation, combusted at 900 °C in
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sealed quartz tubes with CuO and Ag, cryogenically purified, and reduced to graphite by
iron reduction prior to "*C measurement®®,

Radiocarbon measurements were calibrated using gas OX-Il standards and *C-
dead CO, (lonPlus, Switzerland). For each analytical run, four to five OX-Il replicates
(SD = 6.8%0) and three process blanks (mean radiocarbon age = 38,800 yr) were included.
Replicate analyses of an internal DOC reference material were performed on each day of
measurement (n = 16 total), yielding a standard deviation of 7.5%o. Analytical uncertainty
for A"C measurements was approximately +8%o.

Statistical Analyses

Temporal trends in A™C were estimated for each carbon flux type using linear
regression. For flux types with repeated measures structure, where five or more distinct
samples were measured across more than two years on average and fewer than 50% of
samples were measured only once or twice (ecosystem respiration and soil respiration), we
used linear mixed-effects models (Ime) with a random intercept per sample to account for
non-independence of repeated observations (Ime, nlme package). For flux types that were
largely cross-sectional (higher-order stream, second-order stream, first-order stream, and
soil pore water DOC), we used ordinary least squares (lm) or generalized least squares (gls)
regressions. For all models, we tested whether a variance-exponential error structure
(varExp) or an additional AR(1) autocorrelation term (corAR1) improved fit relative to the
base model using AIC; the corAR1 structure was retained only if AAIC > 5 relative to the
varExp model.

To compare flux-specific slopes against the contemporaneous atmospheric decline,
we fit a separate atmospheric linear model over the timeseries. A more negative slope
compared to the atmosphere would indicate an increase in old C presence. A one-tailed Z-
test was then used to evaluate whether each flux slope was significantly more negative
than the atmospheric slope:

7 = ﬁl,ﬂux - lgl,atm
SEZ . + SEZ,,

flux

where SE denotes the standard error of the fitted slope. One-tailed p values were obtained
from the standard normal distribution.

To evaluate whether temporal trends differed among flux types, we conducted
pairwise two-tailed Z-tests between all flux slope pairs, with p-values adjusted for multiple
comparisons using the Benjamini-Hochberg (BH) procedure. Compact letter displays were
generated from adjusted p-values to summarize groupings (Table S1; Fig. S1).

To assess the relationship between AA™C (flux A’*C minus contemporaneous
atmospheric A'*C) and air temperature, we used Spearman rank correlations. Temperature
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was obtained from the ACCLIMATE HOBO weather station (2004 to 2024) and was gap-
filled for 2002 to 2003 using a bias-corrected linear model trained on overlapping years
with NOAA Alaska Climate Division 3 data. Correlations were evaluated for growing season
(May through September), non-growing season (October through April), and annual mean
temperature (Fig. S5) using both NOAA Alaska Climate Division 3 data and ACCLIMATE Site
data. P-values were adjusted for multiple comparisons across flux type and temperature
source combinations using the BH procedure. Annual air temperatures for this region are
presented in Figure S6.

We also estimated the proportional contributions of two carbon sources, young
carbon (combining surface soils, plant material, and post-1960s bomb carbon) and deep
soil carbon (below 45 cm)®*, to the ecosystem carbon fluxes using Bayesian isotope mixing
models. For each flux, we modeled the radiocarbon signal as a function of year to quantify
temporal trends in source contributions, including process error in all models. Uniform
(flat) Dirichlet priors were used for all source proportions, allowing the data to drive
posterior estimates without informative prior assumptions about source contributions.
Higher order stream DOC was modeled using a two-period factor model comparing the
early sampling period (2005-2010) to recent observations (2024), rather than a continuous
temporal trend, due to the 13-year gap in sampling. Model outputs in isometric log-ratio
space were back-transformed to source proportions and summarized using median values
and 95% credible intervals. Convergence was confirmed using the Gelman-Rubin
diagnostic (R<1.01 for all parameters across all models) and visual inspection of
traceplots.



379 Extended Data
380 Table S1
Dependent Slope = SE Pairwise
A 1 Z-score Z-Test p-value Years n
Variable (Yoo yr~) Group
Higher-Order Stream 12.2+1.3 -6.3 <0.001 (1.96e-10) a 2002-2024 14
A™C-DOC
SRTOIEHO TR Sl 11.3%2.7 2.8 <0.01 (2.90e-03) ab 2012-2024 37
A™C-DOC
First-Order
Stream -5.2+0.5 -2.9 <0.01 (2.16e-03) b 2007-2024 51
A™C-DOC
SellFere 15.6+2.7 -4.3 <0.001 (8.34€-06) a 2016-2024 159
A™C-DOC
Soil Respiration 6.6%0.5 -5.3 <0.001 (7.18e-08) b 2004-2024 534
A™CO,
ECOSVS“ZT]CRSSF’”"‘“O" -6.3%0.2 11.0 <0.001 (2.01e-28) b 2003-2024 896
2
381 Slopes=SE from best-fit linear models (linear regression, GLS, or linear mixed-effects with random intercept
382 per sample, selected by AIC) with Year as a predictor of A™C. P-values are from one-tailed Z-tests (a = 0.05)
383 testing the a priori hypothesis that each flux slope was more negative than the contemporaneous
384 atmospheric decline (-3.8+0.1%o yr —)°>%, indicating increasing incorporation of old carbon over time,
385 outpacing the incorporation of fossil fuel old carbon causing the atmospheric decline. Pairwise grouping
386 letters are from BH-adjusted two-tailed Z-tests; fluxes sharing a letter are not significantly different from one
387 another.
388
Flux-specific 14C slopes over time
BH-adjusted Z-test for significance
First-Order Stream Water | —e—b %
Ecosystem Respiration - b 3
Soil Respiration —e——ib 3
Second-Order Stream Water - L 4 ab i
Higher Order Stream Water a i
Soil Pore Water L la §
20 15 10 5 0
A'™C slope (%o yr™")
389
390 Figure S1. Flux-specific A*C slopes over time.
391 Points represent slope estimates (%o yr ) with 95% confidence intervals. Compact letter display indicates
392 results of pairwise two-tailed Z-tests with Benjamini-Hochberg correction; flux types sharing a letter are not
393 significantly different from one another (p > 0.05).
394
395 Radiocarbon declined over time across all carbon flux types, but the rate of decline varied
396 (Fig. 1, S1; Table S1). Pairwise comparisons indicated that higher-order stream DOC and
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soil pore DOC (group “a”) declined significantly faster than first-order stream DOC,
ecosystem respiration, and soil respiration (group “b”). Second-order stream DOC (group
“ab”) exhibited an intermediate rate of decline and was not significantly different from
either the faster- or slower-declining groups.

Median radiocarbon age shift (2002-2013 to 2014-2024)
Points = observed median swing | bars = 95% bootstrap Cl

Higher Order Stream Water—

Soil Respiration| —eo—
Second-Order Stream Water— | L |
First-Order Stream Water— —e—

Ecosystem Respiration

2000 1000 0
Radiocarbon age shift (years)

Figure S2. Median radiocarbon age shifts between the first and second halves of the timeseries

Shift in median radiocarbon age between the early (2002-2013) and late (2014-2024) periods for each flux
type. Points show the observed difference in median radiocarbon age (years BP); horizontal bars show 95%
bootstrap confidence intervals (n = 1,000 iterations). Positive values indicate that carbon exported in the later
period was older on average. Soil pore water is excluded due to a lack of observations prior to 2016.

The observed shift in median radiocarbon age between periods (late - early) was calculated
for each flux, and uncertainty was estimated using a nonparametric bootstrap (n =1,000
iterations) to generate 95% confidence intervals around the median.
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Figure S3. End member and flux radiocarbon distributions

The left panel presents young and old carbon end member distributions as boxplots. These end members
were used in the Bayesian mixing model to estimate the relative contributions of each end member source to
the radiocarbon signature of the fluxes (AA™C-CO, and AA™C-DOC, right panel).
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Table S2
End
Start Start End
Flux SY:::: 5:; Mean A1I:ZT;D End Member Mean =SD Mean =SD Ch(za/r;ge
A14C£SD (%o) (% ‘) (95% CI) % (95% CI) % “
00
Higher-Order Old Carbon 20 + 8 (6-35) 37 +14(8-64) +17
Stream 2002-2011t 2024 -16.0£32.0 -165.2+64.5
A“C-DOC Young Carbon 80 * 8 (65-94) 63 =14 (36-92) -17
Second-Order Old Carbon 10 % 16 (0-60) 50+24(10-95)t  +40
Stream 2012 2024 -0.1£31.9 -74.9£22.2
A“C-DOC Young Carbon 90 = 16 (40-100) 50 + 24 (5-90)% -40
First-Order Old Carbon 13 + 23 (0-88) 48 + 33 (2-100)} +35
Stream 2007 2024 7.4+6.9 -25.7+3.2
A“C-DOC Young Carbon 87 +23(12-100) 52 + 33 (0-98)t -35
Soil Pore Old Carbon 6 +4(1-15) 56 + 10 (35-77) +50
GBI 2016 2024 -44.6+58.9 -148.1+138.3
- Young Carbon 94 = 4 (85-99) 44 £ 10 (23-65) -50
Ecosystem Old Carbon 2+1(1-4) 62+10 (42-81) +60
Respiration 2003 2024 11.9220.3 -34.1+54.8
A™CO, Young Carbon 98 £ 1 (96-99) 38 £ 10 (19-58) -60
: S Old Carbon 5%2(3-9) 80+ 8(61-92) +74
Soil 2?4?(';3“0” 2004 2024  -67.7:71.9  -107.4%106.3
a Young Carbon 95 £ 2 (91-97) 20 £ 8 (8-39) -74

Modeled contributions of Old Carbon and Young Carbon to each flux at the start and end of the study period, with net change. Observed A™C values

(mean=sd) shown for the start and end periods to contextualize model results. Model mean and 95% credible intervals expressed as percent

contribution.

1 Higher Order Streams: two-period factor model comparing Early (2005-2011) vs. Recent (2024) periods due to 13-year sampling gap; temporal trend
not fitted. ¢ Wide credible intervals reflect genuine high variance in stream water A™C (sd > 80%u).
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Soil Respiration Sensitivity Analysis
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Figure S4. Sensitivity of modeled old carbon proportions in soil respiration to end-member isotopic
uncertainty.

Violin plots show posterior distributions of old carbon contributions to soil respiration for early (blue; 2002-
2004) and recent (orange; 2022-2024) periods across seven scenarios in which young carbon, old carbon, or
both end-members were shifted by £50%o. Points indicate posterior means. The recent period consistently
shows higher old carbon proportions than the early period across all scenarios, demonstrating robustness to
end-member uncertainty.

To evaluate how uncertainty in radiocarbon (A'*C) end-member values affects
modeled source proportions, we conducted a sensitivity analysis using MixSIAR by
systematically perturbing the isotopic values of the two-source end-members: young
carbon and old carbon. We applied shifts of +50%o to each end-member independently
and in combination, yielding seven scenarios: a baseline (no shift), young carbon shifted
alone (+50%o, -50%0), old carbon shifted alone (+50%o, -50%o0), and both end-members
shifted simultaneously in the same direction (+50%o, -50%o0). Each scenariowas run as a
two-source Bayesian mixing model in MixSIAR, with a fixed categorical factor distinguishing
the early period (first three years: 2002-2004) from the recent period (last three years:
2022-2024) of the timeseries, to detect if the shifts observed across the timeseries were
detectable. Posterior distributions of source proportions were approximated from the
mean and 95% credible intervals of each model output assuming a Gaussian distribution
(n = 3,000 draws per scenario), and results were visualized as violin plots comparing early
and recent periods across all perturbation scenarios.
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Across all seven perturbation scenarios, the modeled proportion of old carbon in
soil respiration was consistently higher in the recent period than in the early period,
regardless of the direction or magnitude of end-member shifts applied, indicating that the
observed increase in old carbon contribution to soil respiration over the timeseries is
robust to uncertainty in end-member isotopic values. The separation between early and
recent posterior distributions was maintained across all scenarios, supporting the
conclusion that the shift toward greater old carbon proportions reflects a real
biogeochemical signal rather than an artifact of end-member parameterization.
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Figure S5: Temperature controls on the radiocarbon age of ecosystem carbon fluxes

Relationships between radiocarbon depletion relative to the atmosphere (AA™C) and air temperature for
carbon fluxes showing statistically significant correlations (Spearman's p, BH-adjusted p<0.05, n =2 5). Panels
show regional (NOAA Alaska Division 3) and local (Healy station, gap-filled for 2002-2003 using bias-
corrected regional data) temperature across growing season (May-September), non-growing season
(October-April), and annual means. Lines indicate linear fits with shaded 95% confidence intervals. Negative
relationships between AA™C and temperature indicate enhanced mobilization of older carbon under warmer
conditions. Only flux x temperature combinations meeting the minimum sample threshold are shown.
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Figure S6: Mean annual air temperature for the NOAA AKCD3 Region from 1925-2024 and for the
ACCLIMATE study site from 2004-2024.

The solid line represents the average increase in temperature since 1925; dashed line since 1958; dotted line

since 1989. All line fits are statistically significant based on the AKCD3 data set, NOAA, National Oceanic and
Atmospheric Administration.

Mean annual air temperature in Interior Alaska increased at a rate of 0.24°C decade™1
since 1925, accelerating to 0.47 °C decade ! since 1958, and to 0.66 °C decade! since
1989 (all p<0.01), consistent with amplified Arctic warming in recent decades.
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