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Scientific Significance Statement

As the Arctic warms and permafrost thaws, older carbon (hundreds to many thousands of years old) is released, which can
contribute a substantial amount of energy to food webs. Yet, we do not know if older carbon is in the food eaten by aquatic
animals or if it is becoming more available or important over time. In this study, we used fish as natural samplers of aquatic
ecosystems and found older carbon was used most in freshwater food webs and least in marine food webs. We then compared
our results to similar fish data from ~ 40 yr earlier and found that older carbon may be less important than in the past.

Abstract

Climate change alters the sources and age of carbon in Arctic food webs by fostering the release of older carbon
from degrading permafrost. Radiocarbon (**C) traces carbon sources and age, but data before rapid warming are
rare and limit assessments over time. We capitalized on '*C data collected ~ 40 years ago that used fish as
natural samplers by resampling the same species today. Among resampled fish, those using freshwater food
webs had the oldest '*C ages (> 1000 yr BP), while those using marine food webs had the youngest '*C ages
(near modern). One migratory species encompassed the entire range of '*C ages because juveniles fed in
freshwater streams and adults fed in offshore marine habitats. Over ~ 40 yr, average '*C ages of freshwater and
marine feeding fish shifted closer to atmospheric values, suggesting a potential influence from “greening of
the Arctic.”
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The Arctic is warming nearly four times faster than the
global average (Rantanen et al. 2022) with implications
for habitats and food webs. Sea ice loss, permafrost thaw,
shoreline erosion, and earlier river break-up (Jorgenson
et al. 2006; Giinther et al. 2015; Jones et al. 2018; Onarheim
et al. 2018) can change biological production by altering
sources or availability of organic matter (OM), an important
source of energy and nutrients to aquatic food webs (Fritz
et al. 2017; Mann et al. 2022). Permafrost stores vast amounts
of largely frozen and inert older carbon (hundreds to tens of
thousands of years old), which can mobilize upon thaw
(Schuur et al. 2015; Schwab et al. 2020). Terrestrial OM ages
vary widely in Arctic ecosystems, from contemporary vegeta-
tion to ancient permafrost sources (e.g., > 40,000 yr BP). Any
alteration of OM supply, composition, or degradation state
has potential to influence productivity because Arctic waters
are often oligotrophic and nutrient limited (e.g., nitrogen,
phosphorus) (Guillemette et al. 2017; O’'Donnell et al. 2020).
Radiocarbon (**C) traces older carbon (i.e., carbon depleted in
'4C content) use in food webs (Schell et al. 1982; Schell 1983;
Bellamy and Bauer 2017; Arimitsu et al. 2018; O’Donnell
et al. 2020). The 'C tracer provides a robust approach for track-
ing older carbon in a rapidly changing climate and cryosphere.

Given recent permafrost degradation in the Arctic, we
anticipate that additional older carbon is circulating through
ecosystems and food webs now compared to ~ 40 yr ago. This
comparative study considers how climate change mobilizes
older carbon to freshwater, estuarine, and marine food webs.
Here, we captured fish in Alaska’s nearshore Beaufort Sea
because estuaries are crossroads where fish from different
habitats coexist as natural samplers of the carbon continuum
from freshwater to marine food webs. By comparing '*C
content (fraction modern, F'*C) of fishes with diverse feeding
histories we can assess whether older carbon contributes to
their respective food webs, and if so, determine potential loca-
tions where older carbon is entering aquatic food webs.

Differences in F'*C among fish habitats were evaluated by
comparing F'*C of fish that use varied aquatic habitats
from mountain streams to open ocean (Thorsteinson and
Love 2016). Change over time was inferred by comparing
F'“C in fish collected recently and ~ 40 yr prior (Schell
et al. 1982; Schell 1983), providing a rare opportunity for
comparison spanning several decades. Although sample sizes
provided in Schell (1983) and Schell et al. (1982) are small
(n = 40 fish) and limit the strength of comparisons, these are
the only known '*C data sets that predate rapid warming in
the Arctic.

This study considers two major hypotheses. (1) Fish
feeding in freshwater have older '*C ages than fish feeding in
marine systems because freshwater has greater interaction
(e.g., high surface area to volume) with soils that are sources
of Holocene- to Pleistocene-aged terrestrial OM. (2) Fish
collected in 2017-2019 have older '*C ages compared to those
sampled in 1977-1982 (Schell et al. 1982; Schell 1983) due to
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increased mobilization of older carbon via recent warming
effects on the cryosphere (Hood et al. 2009; Estop-Aragonés
et al. 2020) and carbon-cycle processes (e.g., Davidson and
Janssens 2006).

Methods

Fish muscle samples used in this study are a subset of those
in Stanek et al. (2022b); detailed sample collection is described
therein. Briefly, 10 fish species with varied feeding habitats
were collected in four Alaskan Beaufort Sea lagoons during
summers 2017-2019 (Fig. 1). Within each species, differences
in body lengths were used in analysis because feeding habitats
and diets change as fish grow. Sample sizes for '*C analysis
differed across species (Table 1) with more samples for species
with variable habitat and/or dietary diversity.

14C analysis was conducted at the W. M. Keck Carbon
Cycle Accelerator Mass Spectrometer (AMS) facility at the Uni-
versity of California Irvine (Beverly et al. 2010). Freeze-dried
epaxial muscle was combusted at 900°C in evacuated, sealed
quartz tubes in the presence of CuO. Following cryogenic
purification, CO, was reduced to graphite at 550°C using
the sealed tube Zn reduction method (Xu et al. 2007). All
14C values reported are corrected for mass-dependent isotope
fractionation using the AMS online §'*C measurements.
Results are reported as F'*C following Reimer et al. (2004);
F'C defines the '*C activity of the atmosphere in 1950 as
modern (0) age at a value of 1. However, nuclear weapons
testing dramatically increased the '*C content in the atmo-
sphere, almost doubling F'*C around 1963 (Supporting Infor-
mation Fig. S1, Hua et al. 2022). Following the ban on nuclear
bomb testing, F'*C decreased due to exchange with carbon
pools in the ocean and biosphere, and more recently, dilution
from fossil fuel-induced CO, input. The “bomb spike” allows
for F'*C values of biological samples to also be >>1
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Fig. 1. The study area along the Beaufort Sea coast of Alaska where fish
were collected from four lagoons in summers 2017-2019. The Arctic
National Wildlife Refuge (ANWR) is identified in green.
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Table 1. Summary of radiocarbon content for groups of fish categorized by their food web and for individual species (with scientific
and Ifiupiaq names) sampled from Alaska’s nearshore Beaufort Sea lagoons in summers 2017-2019. Radiocarbon content (mean + SD)
is expressed by fraction modern (F'*C), '*C age (years before present), and A'*C (corrected for the year of sample collection, Stuiver
and Polach 1977), along with the F'*C range and the length range of individuals sampled. Species are ordered from marine residents
to increasing diadromy and freshwater affinity. Length measurements (mm) are fork length for species with forked tails and total
lengths for species with truncate or rounded tails (Stanek et al. 2022q).

Length 14C Age
n  range (mm) F'“C range F'*C mean + SD (yr BP) AMComrected (%00)
Food web

Freshwater 57 0.7487-0.9789 0.8694 + 0.0564 1124 + 525 -137.7 £56.0

Mixture 36 0.8803-0.9729  0.9154 + 0.0226 710 £197 —92.1+224

Marine 78 0.8834-0.9960 0.9604 + 0.0254 325+ 214 —47.5+25.2

Species

Arctic Cod Boreogadus saida, 10 91-219 0.9717-0.9958  0.9850 + 0.0079 121 £ 64 -23.1+78
Igalugaq

Saffron Cod Eleginus gracilis, 13 94-407 0.9226-0.9633  0.9447 +0.0129 457 £ 109 —-63.1+12.8
Uugaq

Arctic Flounder Liposetta glacialis, 7 93-234 0.8834-0.9394 0.9231 +£0.0199 643 £175 —84.5+19.8
Nataagnaq

Fourhorn Sculpin Myoxocephalus 7 70-224 0.8971-0.9620  0.9369 + 0.0241 524 + 208 —70.8 +£24.0
quadricornis, Kanayuq

Rainbow Smelt Osmerus mordax, 7 96-265 0.9329-0.9780 0.9583 +0.0149 342 £ 125 —49.5+14.8
Ithuagniq

Arctic Cisco Coregonus autumnalis, 17 57-365 0.8933-0.9793  0.9495 £+ 0.0254 416 £ 216 —58.3 £ 25.2
Qaaktaq

Humpback Whitefish Coregonus 22 150-431 0.8803-0.9729  0.9046 + 0.0199 805+ 173 -102.8 £19.7
pidschian, Pikuktuuq

Broad Whitefish Coregonus nasus, 23 97-504 0.8254-0.9463 0.8712+0.0342 1108 + 312 -1359 £33.9
Aanaaktiq

Dolly Varden Salvelinus malma, 48 125-589 0.7487-0.9960 0.9061 + 0.0803 792 £ 731 -101.4 £79.7
Iqalukpik

Least Cisco Coregonus sardinella, 17 99-326 0.8676-0.9710 0.9407 £+ 0.0233 491 £+ 203 —67.0 £ 23.1

Igalusaaq

(Supporting Information Fig. S1). '*C age represents the
uncalibrated “apparent” average age of carbon in the sample.
Each fish was assigned to a food web using Stanek
et al. (2022b) from dual stable isotope (6'3C and §'°N) mixing
models (MixSIAR, Stock et al. 2018) with two end-members
representing freshwater (OMyey) and marine (OMp,,) food
webs (Supporting Information Fig. S2). Fish using > 67%
OM¢e,r as their primary OM source were designated as
“freshwater,” “mixed” (i.e., estuarine) when using a mixture of
OMierr and OMpy,; (33-67% OMyer), and “marine” when using
< 33% OMer. To test for differences in F'*C among groups of
fish with different food webs we used a Welch’'s ANOVA
followed by a Games—-Howell post hoc test. Arctic river ecosys-
tems are dominated by allochthonous inputs of terrestrial
carbon (Mann et al. 2016; O’Donnell et al. 2020). We did
not identify or partition specific terrestrial OM sources
(e.g., terrestrial vegetation), which was outside the bounds our
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study objectives. All statistical analyses were conducted using
R (R Core Team 2024).

Generalized additive models (GAMs) determined relation-
ships between F'*C and length for each species as F'*C = a
+f (length) + ¢ a is the model intercept, f is a smooth
function of length measured in millimeters (Stanek
et al. 2022a) with <4 df allowed, and ¢ is the residual error.
GAMs were fit in the mcgv package (Wood 2011). Data used
in this study are available in Stanek et al. (2022a).

Fish F'*C was compared by time-period of collection
(1977-1982 from Schell et al. 1982 and Schell 1983 or
2017-2019) and by species life history type (marine or diadro-
mous) for a total of four groups. Only species sampled in both
time periods were included in the temporal comparison.
Marine residents included Arctic cod (Boreogadus saida,
iqalugaq in Ifiupiaq), Arctic flounder (Liposetta glacialis,
nataagnaq), and fourhorn sculpin (Myoxocephalus quadricornis,
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kanayuq). Diadromous fishes included Arctic cisco (Coregonus
autumnalis, qaaktaq), humpback whitefish (Coregonus pidschian,
Pikuktuuq), broad whitefish (Coregonus nasus, aanaakliq), Dolly
Varden (Salvelinus malma, igalukpik), and least cisco (Coregonus
sardinella, iqalusaaq). We corrected F'*C values to account for
the bomb curve as the difference from atmospheric values
(fish F'*C-annual atmospheric F**C for collection year) so values
of 0 denote carbon sourced entirely from atmospheric CO,
during the year of collection. Bomb curve corrected F'*C was
compared among groups using Kruskall-Wallis ANOVA and
Dunn’s post hoc test.

Results

F'“C of fish in Beaufort Sea lagoons from 2017 to 2019
spanned 0.7487 to 0.9960 (Table 1), reflecting average assimi-
lated '*C ages ranging from 2325 to 30 yr BP. F'*C of fish
differed among food webs (Fig. 2, H, = 90.0, p < 0.001; among

Radiocarbon content of Arctic fishes

pairs, all p<0.001). On average, fish using freshwater food
webs had the lowest F'*C (mean + SD; 0.8694 + 0.0564,
n =57). Fish using marine food webs had the highest F'*C
(0.9604 + 0.0254, n = 78), while fish in the mixed group had
intermediate F'*C (0.9154 + 0.0226, n = 36) (Table 1).

Length was a significant (z<0.01) predictor of F'*C for
three species (p<0.001, Fig. 3): Arctic cisco (adjusted
* = 0.76), Dolly Varden (adjusted r* = 0.80), and least cisco
(adjusted r* = 0.79). Dolly Varden had the maximum and
minimum F'*C of all fish. F'*C was lowest and increased
rapidly with length for Dolly Varden <250 mm (F'“C
range = 0.7487-0.9651), while F'*C was higher and incre-
ased little with length in Dolly Varden >250 mm (F*C
range = 0.9698-0.9960; Fig. 3). Among Arctic cisco the
smallest and largest individuals had higher F'*C, while
intermediate length fish had lower F'*C. Least cisco F*C was
lowest in the smallest fish sampled and highest in the largest
individuals sampled.
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Fig. 2. Radiocarbon content (fraction modern, F'*C) grouped by food web for 10 species (color and shape) in the Beaufort Sea, Alaska, in summers
2017-2019. Boxplots identify the median (black line), the first and third quartiles (top and bottom of box), with whiskers showing the range in
F'“C. Food webs for each individual were assigned using estimates of terrestrial organic matter (OMe,) Use as reported by Stanek et al. (2022b); “fresh-
water” individuals used > 67% OM,e,,, “mixed” individuals used 33-67% OM,c,;, while “marine” individuals used < 33% OMq,,. '“C age (yr BP) and the
corresponding A'*C values (%o, corrected for collection year) are shown on the right y-axes.
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Fig. 3. Radiocarbon content (fraction modern, F14C) of fish muscle by length (mm) for ten species in the Beaufort Sea, Alaska, in summers 2017-2019.
Food webs for each individual were assigned using estimates of terrestrial organic matter (OM,) use as reported by Stanek et al. (2022b); “freshwater”
individuals used > 67% OM, (dark gray squares), “mixed” individuals used 33-67% OM,, (light gray triangles), while “marine” individuals used < 33%
OM¢err (White circles). Generalized additive models (blue lines) are shown for species with a significant (p < 0.01) relationship between F'“C and length.

Bomb curve corrected F'*C of fish differed by time-period
and life history type (Hsz = 73.077, p < 0.001; Fig. 4). Median
bomb curve corrected F'*C was lowest in fish from 1977
to 1982 regardless of life history type, intermediate for
2017-2019 diadromous fish, and highest among 2017-2019
marine fish (among pairs all adjusted p < 0.05; Fig. 4). Simply,
F'*C of fish shifted toward atmospheric F'*C over time for
both life histories.

Discussion

Fish captured in estuaries were excellent natural samplers
of older carbon, exhibiting variation in '*C age among
species, within species, across food webs (freshwater, mixed,
or marine), and between time periods providing key infer-
ences about older carbon. Because of this natural variability in
'4C age among species and aquatic habitats, using fishes as
natural samplers can help identify locations where future
efforts aimed at understanding older carbon sources and
carbon cycling are likely to be successful. We recommend
locations where broad whitefish or juvenile Dolly Varden
congregate in freshwater because they had the oldest '*C ages
(> 1000 yr BP). These locations likely have a complex mixture
of modern and much older carbon sources (e.g., > 4000 yr BP)
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that result in the average millennial-aged carbon measured
in these fish (O’'Donnell et al. 2020). Sclerochronology
approaches measuring '*C in fish otoliths could provide a
complimentary proxy of dissolved inorganic carbon ages
(DIC) over space and time because otoliths are mostly derived
from DIC (Solomon et al. 2006) while soft tissues used here
reflect organic carbon.

Comparison of carbon age of fish among freshwater,
mixed, and marine based food webs

We found the oldest '*C ages for individuals that used
freshwater food webs and the youngest '*C ages for individ-
uals that used marine food webs. Freshwater food webs of the
Arctic comprise a broad range of OM sources, ranging from
contemporary vegetation and organic-soil horizons (modern)
to Holocene-aged glacial deposits (< 12,000 yr BP), to late
Pleistocene loess deposits (> 12,000 yr BP) (Feng et al. 2013).
Profiles of eroding Arctic coastlines show a layered gradient of
14C ages in soils from modern at the surface to a few thousand
years at the bottom of the active layer; deep within the perma-
frost, OM is much older, > 40,000 yr BP (Connolly et al. 2020;
Bristol et al. 2021). Particulate organic carbon (POC), derived
from glaciers, bank erosion, or thermal erosion of degrading
permafrost, tends to be older than dissolved organic carbon
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Fig. 4. A comparison of radiocarbon content (fraction modern, F'4C) of
fishes corrected for the atmospheric bomb curve (fish F'*C—annual aver-
age atmospheric F'C) from two time periods, 1977-1982 (Schell
et al. 1982; Schell 1983) and 2017-2019 (this study) for diadromous and
marine resident fishes. Only species (color and shape) that were sampled
in both time periods are shown. Lowercase letters identify significantly dif-
ferent groups (p < 0.05). Boxplots identify the median (black line), the
first and third quartiles (top and bottom of box), with whiskers extending
to the range of values but no further than 1.5 times the interquartile
range.

(DOC), which varies seasonally, with younger DOC prevalent
during spring snowmelt and summer storm events and
older DOC prevalent at winter baseflow (Guo et al. 2007;
Estop-Aragonés et al. 2020). Both POC from glaciers and older
DOC from sub-permafrost aquifers have been shown to fuel
stream food webs (Fellman et al. 2015; O’Donnell et al. 2020).
Marine OM 'C ages vary with depth and salinity, with the
oldest OM (5000-6000 yr BP) far offshore at depth (> 1000 m)
and estuarine surface waters, used by our fish, expected to
have the youngest '*C ages given shallow depths and low
salinities, although estuarine OM ages have not been directly
measured (Druffel et al. 2017).

Comparison of fish carbon age between and within species

There was a greater contribution of older carbon to
diadromous fish compared to marine residents that relied on
younger, marine carbon sources throughout their lifespan.
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Fish often congregate by species and size because each group
has different life history needs. For example, smaller fish
consume benthic meiofauna and zooplankton, while larger
fish shift toward epibenthic invertebrates or fish (von Biela
et al. 2013; Laske et al. 2018). Among diadromous species, '*C
age was related to length in three species consistent with our
understanding of each fishes’ ecology. Diadromous fish of the
Beaufort Sea hatch and overwinter in freshwater habitats but
often feed in marine habitats during all (e.g., Arctic cisco) or
some (e.g., Dolly Varden) life history phases (Brown
et al. 2019; Carey et al. 2021). Dolly Varden '*C ages, which
were tightly linked to length, aligned with their migrations
from groundwater-fed headwater streams (McCart 1980) to
open ocean feeding (Gallagher et al. 2021). Freshwater food
webs can receive older carbon from groundwater sources that
flow through deeper active layers (Guo et al. 2007; Spencer
et al. 2015; O’Donnell et al. 2020). Groundwater spring food
webs can derive older carbon from a combination of > 1000 yr
BP DOC and DIC that is assimilated by benthic biofilms at the
base of food webs (O’Donnell et al. 2020). Dunmall et al.
(2016) identified 35 groundwater springs draining to the
Beaufort Sea used by Dolly Varden and any of these locations
could be used by a future project aimed at understanding
specific sources of older carbon to freshwater food webs.

Least cisco likely have a similar shift in '*C with size as
Dolly Varden, although data presented are less compelling
because there was only one individual that retained an isoto-
pic signal of freshwater feeding. Even with increased sample
sizes, we expect '*C changes with body size to be less dramatic
for least cisco because they have a narrower migratory and
feeding habitat range between low lying streams, rivers,
and lakes to brackish river plumes in nearshore marine waters
compared to Dolly Varden (Craig 1984; Thorsteinson and
Love 2016). Least cisco are rarely found in headwater streams
in the Brooks Range or full salt water like Dolly Varden
(Craig 1984).

A different pattern of *C age and length was present for
Arctic cisco likely because they have little to no freshwater
feeding and originate in different rivers from Dolly Varden
and least cisco (Craig 1984; Zimmerman et al. 2013). Arctic
cisco spawn and hatch in Canada’s Mackenzie River water-
shed, originating in the subarctic where abundant terrestrial
vegetation captures relatively more modern carbon (DOC '*C
age 390-1440 yr BP) compared to Alaska’s North Slope rivers
(DOC 'C age 2170-4960 yr BP; Guo et al. 2007). Thus, the
smallest Arctic cisco retained isotopic values from feeding on
modern terrestrial carbon in the Mackenzie River plume (von
Biela et al. 2013). Older '*C ages likely arose in intermediate
length Arctic cisco because they feed and grow in the
Alaskan nearshore Beaufort Sea, where freshwater run-off
transports older carbon from Alaska’s North Slope rivers to
nearshore food webs (Dunton et al. 2006, 2012; Guo
et al. 2007; Connolly et al. 2020). '*C ages decrease
again among the largest individuals likely because they
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transition to foods from marine food webs dominated by
modern carbon (von Biela et al. 2013).

Comparison of fish carbon age across decades

A comparison of fish from 2017-2019 to 1977-1982 (Schell
et al. 1982; Schell 1983) represents a unique, albeit coarse,
opportunity to document shifts in age of carbon in fish of the
Arctic over a multidecadal period of rapid climate change.
When comparing '*C age of fish over time (Schell et al. 1982;
Schell 1983), we did not find support for our hypothesis that
the average '*C age reaching contemporary food webs was
older due to mobilization of ancient carbon reservoirs with
warming (e.g., permafrost carbon). Rather, our results suggest
contemporary fish are supported by a higher proportion of
modern carbon compared to fish collected ~ 40 yr prior.
Changes in '*C ages of fish over time are affected by the
global carbon cycle, particularly the magnitude and direction-
ality of '*C fluxes among carbon reservoirs. While data
presented here are unable to identify the cause of shifting '*C
ages, we provide three potential hypotheses that could
explain our observation based on existing literature.

First, a shift in '*C ages toward atmospheric values could
occur due to a reversal in source-sink dynamics of atmo-
spheric '*C-CO, in recent decades. Before 1985, bomb-spike
carbon in the atmosphere was taken up via terrestrial primary
production and subsequently transferred to soils. Since 1985,
some of this enriched '*C has returned to the atmosphere due
to warming-induced increases in soil heterotrophic respiration
(Naegler and Levin 2009a,b). This release of bomb '*C from
terrestrial ecosystems to the atmosphere likely exerted a
considerable and temporally variable masking effect on the
anticipated older carbon signal that we expected to observe.

Second, the observation of shifting '*C ages toward
atmospheric values is consistent with “greening of the Arctic”
in recent decades (Michelutti et al. 2005; Lewis et al. 2020;
Myers-Smith et al. 2020). For instance, terrestrial net primary
production and DOC export are highly correlated (Kicklighter
et al. 2013) and studies have documented prevalent contem-
porary carbon in aquatic ecosystems of the Arctic (Elder
et al. 2018; Garcia-Tigreros et al. 2023) likely reflecting the
uptake of modern carbon by plants and subsequent transfer
to streams and lakes. In addition, a lengthening of growing
seasons and shorter winters may increase modern carbon
availability to food webs. Schell (1983) argued that older car-
bon was particularly important in winter when pathways of
modern carbon production via photosynthesis stalled due to
lack of sunlight. Even with the possibility that contemporary
carbon availability has increased more rapidly than aged
carbon availability, '*C ages from recent samples demonstrate
that many freshwater fish still have detectable contributions
from millennial-aged carbon sources.

Third, several studies indicate that mobilization of ancient
permafrost carbon in contemporary aquatic ecosystems may
be difficult to detect, due in part to the high bioavailability of
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permafrost DOC (Vonk et al. 2013; Mann et al. 2015). Permafrost
DOC is comprised largely of low molecular-weight organic acids
(e.g., acetate), that can be rapidly mineralized following thaw and
release to aquatic ecosystems (Drake et al. 2015; Ewing
et al. 2015; Spencer et al. 2015). Consequently, a significant
fraction of ancient permafrost carbon may be rapidly trans-
ferred to the atmosphere before it can be taken up by aquatic
food webs in higher-order rivers.
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