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Permafrost Hydrology Drives
the Assimilation of Old Carbon
by Stream Food Webs in the Arctic
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ABSTRACT

Permafrost thaw in the Arctic is mobilizing old car-
bon (C) from soils to aquatic ecosystems and the
atmosphere. Little is known, however, about the
assimilation of old C by aquatic food webs in Arctic
watersheds. Here, we used C isotopes (6'°C, A'C) to
quantify C assimilation by biota across 12 streams in
arctic Alaska. Streams spanned watersheds with
varying permafrost hydrology, from ice-poor bed-
rock toice-rich loess (thatis, yedoma). We measured
isotopic content of (1) C sources including dissolved
organic C (DOC), dissolved inorganic C (DIC), and
soil C, and (2) stream biota, including benthic bio-
film and macroinvertebrates, and resident fish spe-
cies (Arctic Grayling (Thymallus arcticus) and Dolly
Varden (Salvelinus malma)). Findings document the
assimilation of old C by stream biota, with depleted
A'C values observed at multiple trophic levels,
including benthic biofilm (*C ages = 5255 to

Received 20 February 2019; accepted 10 June 2019

Electronic supplementary material: The online version of this article
(https://doi.org/10.1007/s10021-019-00413-6) contains supplementary
material, which is available to authorized users.

JO—Designed study, performed research, analyzed data, wrote paper;
MC/JK/CZ—Designed study, performed research; XX/BP/JW—Performed
research.

*Corresponding author; e-mail: jaodonnell@nps.gov

Published online: 03 September 2019

265 years before present (y BP)), macroinverte-
brates (4490 y BP to modern), and fish (3195 y BP to
modern). Mixing model results indicate that DOC
and DIC contribute to benthic biofilm composition,
with relative contributions differing across streams
draining ice-poor and ice-rich terrain. DOC origi-
nates primarily from old terrestrial C sources,
including deep peat horizons (39-47%; 530 y BP)
and near-surface permafrost (12-19%; 5490 y BP).
DOC also accounts for approximately half of fish
isotopic composition. Analyses suggest that as the
contribution of old C to fish increases, fish growth
and nutritional status decline. We anticipate in-
creases in old DOC delivery to streams under pro-
jected warming, which may further alter food web
function in Arctic watersheds.

Key words: Arctic; Dissolved organic matter;
Streams; Permafrost; Food webs; Radiocarbon;
Carbon cycle.

HiIGHLIGHTS

e Stream biota can take up old carbon transported
from permafrost soils.
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e Old carbon enters the food web through both
organic and inorganic forms.

e As permafrost thaws, increasing delivery of old
carbon could alter stream food web dynamics.

INTRODUCTION

Permafrost soils store large reservoirs of organic
carbon (C) that are mobilized upon thawing of the
perennially frozen ground (Hugelius and others
2014). The release of permafrost C to the atmo-
sphere as greenhouse gases is of primary concern,
given the potential for warming effects (Schuur and
others 2015). Model estimates indicate that per-
mafrost thaw may release 92 petagrams (Pg, or 10"’
g) of C by 2100, with the magnitude of warming
dependent upon the fraction of C emitted as either
carbon dioxide (CO,) or methane (CH4) (Schuur
and others 2015). Permafrost thaw may also alter
the lateral transfer of particulate and dissolved C
forms (organic vs. inorganic) from terrestrial to
aquatic ecosystems (Guo and others 2007; Frey and
McClelland 2009; Aiken and others 2014; Tank and
others 2016). In arctic rivers and lakes, terrestrial
organic matter is the dominant source of dissolved
organic carbon (DOC; for example, Wauthy and
others 2018), originating from both contemporary
(that is, post-1950s) and ancient C pools
(> 50,000 years old). While evidence indicates that
aquatic C fluxes are dominated by modern C (Aiken
and others 2014; Elder and others 2018; Dean and
others 2018), permafrost thaw will likely increase
the release of old DOC from Holocene- and Pleis-
tocene-aged deposits to surface waters and facilitate
greater rock—water interaction and delivery of old
dissolved inorganic C (DIC) from carbonate mineral
weathering to streams (Frey and McClelland 2009).
The fate of old C in aquatic ecosystems is uncertain,
due to the complex interaction of physical, chemi-
cal, and biological controls on C turnover and
transport. While prior research has quantified gas-
eous and dissolved C fluxes from arctic rivers and
lakes, little is known about the uptake and assimi-
lation of old C by aquatic food webs.

Old C may play a significant role in the composition
and productivity of aquatic food webs (Bellamy and
Bauer 2017; Guillemette and others 2017), particu-
larly in watersheds draining permafrost landscapes
(Schell 1983). Glacier melt and permafrost thaw re-
lease old organic C to aquatic ecosystems (Hood and
others 2009; Aiken and others 2014). In both glacier-
and permafrost-dominated catchments, a large frac-
tion of old DOC is highly bio-labile and thus suscep-
tible to rapid mineralization and transformation by

microbial communities (Hood and others 2009;
Drake and others 2015; Mann and others 2015;
Spencer and others 2015). Using radiocarbon ('*C)
measurements of food web components, Fellman and
others (2015) documented the assimilation of old
organic C (dissolved and particulate) by stream
macroinvertebrates and fish in glacial streams of
southeast Alaska. Similarly, Schell (1983) reported
the incorporation of old peat-derived C by resident
fish and ducks in freshwater ecosystems of northern
Alaska. Still, many uncertainties exist regarding the
pathways of old C assimilation by stream food webs,
particularly in areas underlain by warming per-
mafrost. Old DIC originating from mineral weather-
ing can also be incorporated into aquatic food webs
(for example, Ishikawa and others 2014), creating a
“reservoir effect” that must be accounted for when
interpreting ages of stream biota (Guillemette and
others 2017).

Permafrost exerts a strong control on subsurface
hydrology in northern high-latitude watersheds
(Walvoord and others 2012) and in turn governs the
amount, form, and age of C delivered to aquatic
ecosystems (Striegl and others 2005; Dornblaser and
Striegl 2015; Tank and others 2016). The hydraulic
properties of permafrost, as determined in part by
soil texture, phase, and ground-ice content, influ-
ence subsurface water flow paths and consequently
the chemistry of receiving waters (Barnes and others
2018; Dean and others 2016; Frey and McClelland
2009). For instance, streams draining catchments
dominated by ice-rich silt tend to have higher con-
centrations of aromatic, young dissolved organic
matter (DOM) than streams draining catchments
underlain by ice-poor, coarse-grained soils (O’Don-
nell and others 2014, 2016). Silt-dominated soils
also have lower hydraulic conductivity when fro-
zen, enhancing lateral flow to surface waters (Koch
and others 2013) and elevated DOC concentrations
in surface waters (O’Donnell and others 2014,
2016). DIC concentrations typically exceed DOC
concentrations in streams draining coarse-grained
or ice-poor catchments, reflecting deep groundwa-
ter discharge and delivery of carbonate mineral
weathering products to streams (Dornblaser and
Striegl 2015; Toohey and others 2016). Incorpora-
tion of dissolved C into aquatic food webs is pri-
marily through benthic biofilm, by either DIC
uptake by photosynthetic algae or DOC uptake and
assimilation by aquatic heterotrophs (that is, benthic
microbial communities; Battin and others 2016).
The age of dissolved C assimilated by primary pro-
ducers or consumers will likely influence the '*C age
of organisms at higher trophic levels, including
macroinvertebrates and fish.
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Here, we examine the role of permafrost hydrol-
ogy on the source, age, form, and assimilation of C by
stream food webs in headwater catchments of arctic
Alaska. We sampled soil, water, and stream biota
from watersheds that vary with subsurface hy-
draulic properties as determined by dominant parent
material and ground-ice content (O’Donnell and
others 2016). Using radiocarbon (**C) and stable C
isotope measurements ('>C), we characterized the
isotopic composition of food web components
(benthic biofilm, benthic macroinvertebrates, and
resident fish) and C sources (terrestrial peat, stream
DOC and DIC; Figure 1). Using isotopic mixing
models, we quantify the relative contribution of
contemporary and old C sources (including per-
mafrost C) to the stream DOC pool, benthic biofilm,
and resident fish diet. We further explore how the
potential for increased contributions of old C with
permafrost thaw may alter growth and nutritional
status of resident fish communities.

METHODS
Study Region

We sampled 12 headwater streams draining
watersheds spanning a gradient of permafrost
characteristics based on soil parent material types
and ground-ice content in the Bering Land Bridge
and Noatak National Preserves (Figure 2). All data

Shallow peat (1*C age = modern)

Deep peat (1*C age = 530 y BP)

that support the findings of this publication can be
found in Carey and others (2019).The Agashashok
River, a tributary of the lower Noatak River, drains
an ice-poor landscape (< 10% by volume) and is
underlain primarily by carbonate bedrock and
poorly developed alkaline soils (O’Donnell and
others 2016). The Cutler and Imelyak Rivers in the
upper Noatak River drain a watershed underlain by
glaciolacustrine deposits with moderate to high
ground-ice content (O’Donnell and others 2016).
The Pish River drains a watershed underlain by ice-
rich Pleistocene loess (that is, yedoma) on the
Seward Peninsula (Kanevskiy and others 2011).
Prior work at these sites has shown the importance
of permafrost characteristics as a control on the
chemical composition of DOM in stream and river
water (O’Donnell and others 2016). Vegetation in
the study region is dominated by arctic tundra and
boreal spruce (Picea mariana and P. glauca). Tall and
low shrubs are common along river floodplains and
hillslope drainage ways, and near tree line (Swan-
son 2015), and have generally expanded in abun-
dance throughout the region in recent decades
(Tape and others 2006).

Stream Chemistry

Water samples were collected during the open-
water periods between June and September over 2
years (2015-2016). Samples were collected for

Figure 1. Conceptual diagram illustrating the hypothesized pathways of dissolved C transport from terrestrial to stream
ecosystems, and subsequent incorporation into stream food webs. Terrestrial organic C sources were separated into
contemporary shallow peat horizons, older deep peat horizons, and near-surface permafrost. Stream DOC is a mixture of
these three allochthonous sources and one autochthonous source (benthic biofilm; Model I). Stream DIC is derived from
both mineral weathering inputs, mineralization of organic carbon, and through equilibration with CO, in the atmosphere.
Benthic biofilm isotopic composition is determined by DOC uptake by microbes and DIC uptake by algae (Model 2).
Resident fish isotopic composition is likely a mixture of benthic macroinvertebrates, although we explore DOC as an

additional end-member in Model 3.
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Figure 2. Map identitying the location of ice-rich (black symbols) and ice-poor (red symbols) study sites in northwest
Alaska (highlighted by red box in upper right inset). Headwater streams of the Agashashok watershed are underlain by ice-
poor bedrock (upper-left picture). The Cutler and Imelyak watersheds are underlain by ice-rich glaciolacustrine deposits,
and the Pish watershed is underlain by ice-rich loess (that is, yedoma; lower-right picture) (Color figure online).

measurement of DOC concentration and DOM
optical properties using a 0.45-pm high-capacity
capsule filter connected to a Geopump Series II
Peristaltic Pump (Geotech Environmental Equip-
ment, Inc., Denver, CO). DOC concentrations were
determined using an O.I. Analytical Model 700
TOC analyzer via the platinum catalyzed persulfate
wet oxidation method (Aiken 1992). UV-visible
absorbance was measured on filtered stream sam-
ples at room temperature using a quartz cell with a
path length of 1 cm on an Agilent Model 8453
photodiode array spectrophotometer. Specific UV
absorbance at 254 nm (SUVA;s,) was determined
for all stream samples by dividing the decadal UV-
visible absorbance coefficient at 4 = 254 nm by
DOC concentration. SUVA,ss (L mgC~' m™),
which is typically used as an index of DOC aro-
maticity, provides an average absorptivity at
A=254nm of the DOM (Weishaar and others
2003). Prior work in the Yukon River basin has
shown that SUVA,s, is closely linked to the fraction

of groundwater contributing to stream flow during
the open-water season (O’Donnell and others
2012) and DOC age (Aiken and others 2014).

To determine DIC concentrations, stream water
samples were collected without head space in a 60-
mL syringe. Immediately prior to analysis, water
samples were filtered using 0.45-um nylon syringe
filters into 40-mL borosilicate vials clean vials and
capped by septum caps to minimize interaction
with the atmosphere. DIC concentrations were
determined by acidifying with phosphoric acid and
measuring on a Shimadzu TOC-VCSH Combustion
Analyzer. Specific conductivity (uS cm™') was also
measured in situ using a YSI Professional Plus
multiparameter sonde (YSI (Yellow Springs
Instruments) Incorporated, Yellow Springs, OH).

Isotope Sampling and Measurements

We collected water samples to determine the iso-
topic composition (6'°C, A'C) of C sources to
stream food webs in August 2016, including DOC,
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DIC, and organic-soil horizons (that is, peat; Fig-
ure 1). For A'*C-DOC measurements, we filtered
375 mL of stream water using a pre-rinsed 0.45-um
high-capacity capsule filter in three replicate 125-
mL square Nalgene polypropylene bottles in the
field, and froze samples prior to processing. For
A'C-DIC measurements, we collected unfiltered
stream water in 1 L Pyrex glass bottles and pre-
served with 100 pL of saturated HgCl, solution.
Organic-soil horizons were sampled from a nearby
tundra site within the Cutler River basin to char-
acterize the A'C and ¢'>C signatures of peat as a
possible organic matter source to stream food webs.
To sample soil, we dug a soil pit and described soil
horizons following USDA-NRCS (Staff 1998) and
Canadian (Soil Classification Working Group 1998)
methods. Organic-soil horizons were then sampled
by horizon type across the soil profile using a
combination of knives and scissors. For mixing
model analyses, we divided organic horizons into
““Shallow Peat” (live and dead moss = 0-4 cm,
mesic horizon = 4-7 cm) and ““Deep Peat” (humic
horizons = 10-25 cm).

To characterize the isotopic signatures of stream
food webs, we sampled benthic biofilms, aquatic
macroinvertebrates, and resident fish species (Fig-
ure 1). Benthic biofilm was collected by scraping
fully submerged rocks with visible organic material
in all tributaries (following Fellman and others
2015). Biofilm samples were frozen for transport
back to the laboratory. In the laboratory, biofilm
samples were rinsed with deionized water to re-
move fine gravel and freeze-dried for 48 h. Aquatic
macroinvertebrates were sampled using a kick-net
(n = 8 sites per tributary) in all tributaries and
samples were then frozen for transport back to the
laboratory. In the laboratory, macroinvertebrate
samples were thawed and identified to family
(Merritt and others 2008). To assist in macroin-
vertebrate identification, additional samples were
collected at each tributary and processed by the
BLM/USU National Aquatic Monitoring Center
(The BugLab; www.usu.edu/buglab/). We submit-
ted samples for isotope analysis from the family
Nemouridae in the order Plecoptera (Stoneflies)
and Chironomidae, as both families are generalists
functioning as shredder-detritivores and facultative
collectors (Merritt and others 2008). Nemouridae
and Chironomidae from each location were freeze-
dried for 48 h and submitted for 6'°C and A'*C
analysis. Fish were collected in all tributaries using
minnow traps and backpack electrofishing (Rey-
nolds and Kolz 2013). All fish were identified to
species and measured for fork length (to the nearest
mm) in the field. Dolly Varden (Salvelinus malma)

and Arctic Grayling (Thymallus arcticus) were killed
and frozen for transport back to the laboratory. In
the laboratory, dorsal muscle tissue from Dolly
Varden and Arctic Grayling (age 1-2 years) was
dissected and freeze-dried for 48 h before being
submitted for 6'°C, A'C, and energy density
measurements. A semimicro Parr 1425 calorimeter
was used to measure energy density following the
Parr manual (Parr Instrument Company 1994).
Energy density, which we use as a proxy for
nutritional status, from the calorimeter (cal g~ dry
mass) was converted to mJ and reported per unit
mass (mJ kg~! mass). Benzoic acid standard and
duplicate tissue samples were used to evaluate the
precision of the calorimeter.

A'C and 6'°C of DOC in arctic stream samples
were determined at the National Ocean Sciences
Acceleratory Mass Spectrometry laboratory at the
Woods Hole Oceanographic Institute (http://www.
whoi.edu/nosams/home). For A'*C, DOC samples
were diluted with ultra-low-carbon, 18.2 MQ Mil-
li-Q water, acidified with 85% phosphoric acid,
purged with ultra-high purity helium gas, and
oxidized to CO, using UV light for 4 h (Beaupre
and others 2007). 6'°C of DOC was determined
using an Optima stable isotope ratio mass spec-
trometer. All other '*C samples were analyzed at
the W. M. Keck C Cycle AMS Laboratory at the
University of California Irvine for analysis (Beverly
and others 2010). For A'*C-DIC, samples were
prepared for graphitization using the head-space
extraction technique (Gao and others 2014). §'°C
of DIC was determined using a Gas Bench coupled
with an isotope ratio mass spectrometer (IRMS,
Finnigan Delta Plus XL, Thermo Fisher Scientific,
Pittsburgh, PA, USA), with a method similar to
Torres and others (2005). Organic solid-phase
samples (organic-soil horizons, biofilm, benthic
macroinvertebrates, fish) were 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 and others 2007). §'°C of
organic-soil horizons and macroinvertebrates were
determined in the Keck AMS laboratory using Gas
Bench coupled with a Finnigan Delta Plus XL
IRMS. §'°C of biofilm, macroinvertebrates, and fish
species was determined on a Carlo Erba and Cost-
ech 4010 Elemental Analyzer coupled to a Thermo
Delta Plus XP IRMS at the University of Wyoming
Stable Isotope Facility (www.uwyo.edu/sif/).
Radiocarbon data are reported as fraction modern
(fM), radiocarbon age, and as A'™C, or the per mil
deviation of the '*C/'2C ratio in the sample from
that of the oxalic acid standard (OX-I) decay-cor-
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rected to 1950 (Stuiver and Polach 1977). All **C
values reported are corrected for mass-dependent
fractionation using the AMS online 6'°C mea-
surements. One-way analysis of variance (ANOVA)
was used to test for statistical differences in A'*C
values for C sources and food web components.

Isotopic Mixing Analyses

We used three individual two-isotope (6'°C, A'*C)
mixing analyses to assess linkages among per-
mafrost hydrology (that is, ice-poor vs. ice-rich)
and C source contribution to the DOC pool (Model
1), and C sources and assimilation in biofilm (Model
2) and resident fish species (Model 3). All mixing
analyses were conducted within a Bayesian mod-
eling framework (MixSIAR; Stock and Semmens
2013) in R (Team 2014). Bayesian mixing models
improve upon classic linear mixing models by
accounting for uncertainty associated with multiple
source contributions to a mixture (Moore and
Semmens 2008). Below, we detail three mixing
models used to track flows of C of different sources
and ages to the stream food web. In all three
models, permafrost type (ice-poor vs. ice-rich) was
prescribed as a fixed effect, and site ID was treated
as a random effect within MixSIAR.

First, we used a four-end-member mixing model
to determine organic C source contributions to the
stream DOC pool across watersheds underlain by
ice-rich and ice-poor permafrost (Model 1). We de-
fined three allochthonous end-members (see Ta-
ble 2): a contemporary organic C source reflecting
lateral inputs from shallow organic-soil horizons of
the active layer (hereafter referred to as the shallow
peat end-member), and one older C source
reflecting inputs from deep organic-soil horizons
(hereafter referred to as the deep peat end-mem-
ber, ~ 530 & 190 y BP) and one near-surface per-
mafrost end-member which may come from
thawing permafrost (referred to permafrost end-
member, 5490 y BP; Figure 1). The permafrost
end-member (A'C = — 498.3 + 216.0%,; 0°C =
— 26.3 £ 1.39, was defined based on isotope
values from near-surface permafrost (< 1 m deep)
on north-facing hillslopes in interior Alaska
(O’Donnell and others 2011, 2013). We also de-
fined an autochthonous C end-member, reflecting
the C isotopic composition of the benthic biofilm.
The biofilm end-member was defined by the C
isotopic composition of benthic biofilm samples,
which varied between streams draining ice-poor
terrain (A'*C = — 380.6 & 90.1%,; 6">°C = — 29.0 +
3.4%, N=7) and ice-rich terrain (A'C =

— 118.2 + 83.4%, 6"°C=—36.84+4.9%, N=5)
(Table 2).

Second, we used a two-end-member mixing
model to partition the uptake of DOC and DIC by
benthic biofilm (Model 2), following methods of
Small and others (2011) and Fellman and others
(2015). The uptake and assimilation of '*C-de-
pleted C by benthic biofilm can occur through two
pathways: (1) fixation by benthic algae of old DIC
derived from carbonate weathering, or (2) assimi-
lation by aquatic heterotrophs of old DOC derived
from deep soil C stocks. The DOC end-member was
defined as the average isotope composition of DOC
in streams draining ice-rich terrain (A'*C =
— 47.6 & 38.59%,; 6'°C = — 27.8 + 0.5%,) and ice-
poor terrain (A'C = — 112.4 4 83.4%,; 6°C =
— 26.5 £ 1.99%,, Table 2). Similarly, the DIC end-
member was defined as the average isotope com-
position of DIC in streams draining ice-rich terrain
(A™C = —101.3 £ 76.1%,; 0”C=— 7.0+ 0.5%,)
and ice-poor terrain (A'C = — 382.3 + 91.8%,;
63C = — 6.1 +2.1%,). We used a concentration-
dependent weighting factor for the mixing analysis
to account for differences in source concentrations
of stream dissolved C (Phillips and Koch 2002). To
account for differences among sources in the
model, we used observed stream DOC and DIC
concentrations (Table 1). We corrected stable iso-
tope values of DIC sources by calculating a frac-
tionation factor (¢), following Finlay (2004):

o(%) = 813Cpic — 813 Chiofilm (1)
°) = T ¥ 313Chiofitm/ 1000

where 6°Cp,c is the 6'>C value of DIC and
8" Chiofiim is the 8'°C value of benthic biofilm for a
given stream. Calculated fractionation factors
averaged 26.6 + 2.29, (n =12 streams) across
streams draining ice-poor and ice-rich terrain.

Third, we conducted a two-end-member mixing
analysis to examine the contribution of different
pathways of C (DOC, benthic macroinvertebrates)
to resident fish species (Arctic Grayling and Dolly
Varden; Model 3; Table 2). For the DOC end-mem-
ber, we used the same isotopic values as for the
biofilm mixing model. For the benthic macroin-
vertebrate end-member, we calculated the average
isotope values of both families together for ice-rich
and for ice-poor sites, since we did not observe
significant differences in C isotopic composition
between chironomids and stoneflies within streams
draining each permafrost types (Table 2).
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Table 1. Study Site Locations and Chemical Characteristics for all Study Sites
Site types, watersheds, = Latitude Longitude pH Specific conductivity DOC DIC
stream IDs (°N) (°W) (uS cm™ ) (mgC L") (mgC L)
Ice-poor bedrock sites
Agashashok River, North Fork
Tributary 2 67.569  —161.886 8.1 +£0.1 (8) 489 =+ 45 (7) 2.9+ 0.4 (8) 47.4 +5.3 (5)
Tributary 3 67.545  —161.963 8.1+ 0.1 (8) 695 =+ 57 (7) 2.9+ 0.5 (7) 46.5 + 4.7 (4)
Tributary 4 67.522  —162.060 8.1 +0.1 (8) 431 =+ 26 (7) 1.8+ 0.2 (8) 37.6 + 3.8 (5)
Agashashok River, South Fork
Tributary 1 67.545  —161.681 8.1 +0.1 (8) 431 =+ 52 (7) 0.7 & 0.0 (8) 32.7 £ 3.7 (4)
Tributary 2 67.498  —161.871 8.1+ 0.1 (8) 459 & 57 (7) 1.6 & 0.2 (8) 35.5 + 4.3 (5)
Tributary 4 67.472  —162.071 8.1 £ 0.1 (8) 414 =+ 34 (7) 3.8+ 0.3 (8) 40.6 £ 4.8 (5)
Agashashok River, Mainstem
Asik Creek 67.475  —162.234 7.8 +£0.1 (8) 305 =+ 22 (6) 1.2 4+ 0.1 (8) 30.8 + 2.9 (5)
Ice-rich sites
Cutler River
Tributary 1 67.568  —157.796 7.8 £0.1 (3) 290 + 76 (3) 6.5+ 0.7 (3) 23.3+85(3)
Tributary 2 67.655  —157.968 7.9 £0.1 (3) 261 £ 10 (3) 49+ 1.0 (3) 39.7 £4.7 (2)
Imelyak River
Tributary 1 67.739  —157.395 8.0+ 0.1 (3) 321 £ 19 (3) 3.5+ 0.7 (3) 40.6 +4.3 (3)
Tributary 2 67.758  —157.595 7.8 +£0.2(3) 330+£5 (3) 47 £0.9 (3) 36.6 £4.4 (3)
Pish River
Tributary 2 66.068  — 164.179 6.9 £ 0.6 (2) 87 (1) 235+ 0.1 (2) 4.2+0.7 (2)

Chemistry values reflect mean £ one standard error (number of sample in parentheses) for all measurements during the summer—autumn open-water season (June through

September) between 2015 and 2017.

RESULTS

Patterns in Dissolved C Concentration
and Isotopic Composition

We observed differences in the concentration, form
(organic vs. inorganic), and age of dissolved C
across headwater streams draining ice-rich and ice-
poor terrain. On average, DOC concentration dur-
ing the sampling period (August 2016) was gener-
ally lower in streams draining ice-poor terrain
(average + one standard error = 2.1 + 0.2 mgC L™",
n = 55; Table 1) compared to streams draining ice-
rich terrain (7.6 &+ 1.8 mgC L™', n = 14). DIC
concentration, by contrast, was higher in streams
draining ice-poor terrain (38.7 + 1.8 mgC L/,
n = 33; Table 1) than ice-rich terrain (29.8 &+ 4.2
mgC L~', n =13). At both ice-rich and ice-poor
sites, '>C-DOC values closely tracked the signature
of C3 plants (range = — 28 to — 26Y,,; Peterson and
Fry 1987) and ¢'’C-DIC values reflected either
atmospheric or weathering sources from ground-
water (range = — 9 to — 3%, Kendall and others
1992). However, we did observe significant differ-
ences in the A'C values and age of DIC (one-way
ANOVA:df=1, F=26.6, P < 0.001) across stream
types (Figure 3A, Supplemental Table 1). A'C
values for DOC were not statistically significant

between ice-poor and ice-rich sites (P = 0.18). For
ice-poor sites, A'*C-DOC averaged — 112.4 +
83.4%, (**C age range = 3430 to 285 y before pre-
sent (BP)) and A'C-DIC averaged — 382.3 +
91.8%, (**C age range = 5030 to 1660 y BP). For
ice-rich sites, A'*C-DOC averaged — 47.6 + 38.5%,
(**C age range =790 y BP to modern) and
A'C-DIC averaged — 101.3 + 76.1%, ('*C age
range = 1550 y BP to modern).

Hydrological Controls on Dissolved C
Age

The age of dissolved C could be explained by the
relative contribution of groundwater to stream
discharge, as determined by optical proxies. A'*C-
DOC is positively and nonlinearly correlated with
SUVA,s, (Figure 4A). In general, SUVA,s, values,
which are a proxy for DOM aromaticity, were
higher in ice-rich sites than in ice-poor sites, which
reflect differences in permafrost characteristics
across watersheds and resulting subsurface
hydrology delivering DOC to streams. In water-
sheds where stream discharge is primarily from
near-surface runoff through supra-permafrost
aquifers (for example, the active layer), SUVA,s4
values are relatively high (> 3.4 L mgC™' m™';
O’Donnell and others 2012, 2016). Conversely, in
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Table 2. Summary of Mixing Model End-Member Values and Their Uncertainties for the Isotopic Mixing

Analyses and Source of the Data

End-member S3C (%) AM™C (%)

BP)

C age (y

Data source

Model 1: Organic C sources to stream DOC?

Shallow peat —272+13 113.2 + 16.8 Modern This study: live/dead moss from Cutler River basin
(n=2)

Deep peat —2624+03 —71.6£21.9 530+ 190 This study: humic organic matter from Cutler River
basin (17 = 3)

Permafrost — 263+ 1.3 —498.3 +60.8 6021 + 858 O’Donnell and others (2011): near-surface per-

mafrost (< 1 m deep) from north-facing hillslope
in interior Alaska (n = 4)

Biofilm, ice-poor — 29.0 £ 3.4 — 380.6 £ 90.1 3780 £+ 1170 This study: from ice-poor streams (n = 7)

Biofilm, ice-rich
Model 2: C sources assimilated by benthic biofilm
DOC, ice-poor
DOC, ice-rich
DIC, ice-poor
DIC, ice-rich —7.0+05 —101.3 £76.1
Model 3: C sources to resident fish

DOC, ice-poor
DOC, ice-rich
Inverts, ice-poor

— 278 £05 —47.6 £385

— 278+ 05 —47.6 £385

Inverts, ice-rich —36.2+29 —69.2+58.1

—36.3+1.3 — 1182 %834 950+ 760 This study: from ice-rich streams (n = 5)

—265+19 —1124+834 890+ 760 This study: from ice-poor streams (1 = 7)
330 £ 330  This study: from ice-rich streams (n = 5)
— 6.1 £2.1 — 3823 +91.8 3810+ 1200 This study: from ice-poor streams (n = 7)
790 £ 690  This study: from ice-rich streams (17 = 5)

—265+19 —1124+834 890+ 760 This study: from ice-poor streams (n = 7)
330 + 330  This study: from ice-rich streams (n = 5)
—35.8+ 1.1 —330.3 £81.6 3240 £ 1010 This study: average of all stoneflies and chironomids

from ice-poor streams (n = 13)

510 &+ 510 This study: average of all stoneflies and chironomids

from ice-rich streams (n = 10)

watersheds where stream discharge originates from
primarily deep groundwater flow paths, SUVA,s,
values tend to be low (< 2 L mgC™' m™'). AMcC-
DIC was negatively correlated with specific con-
ductivity values across study streams (Figure 4B),
suggesting that DIC is older in streams with
increasing groundwater contributions to discharge.

C source Contribution to the Stream DOC
Pool

Stream DOC is derived from a mixture of contem-
porary and old organic matter, and from al-
lochthonous and autochthonous C sources
(Figure 5). The two-isotope mixing model (Model 1)
indicates that contemporary terrestrial C (that is,
shallow peat) contributed 22 + 16% to DOC in ice-
poor sites and 30 & 17% in ice-rich sites (Figure 8;
Table 3). Older deep peat (mean '*C age = 530 +
190 y BP) contributed 48 4+ 22% and 47 &+ 21%
to stream DOC in ice-poor and ice-rich sites,
respectively. Near-surface permafrost (*C age =
5490 y BP) was a less important contributor to
DOC in headwater streams, averaging 14 + 14%
and 11 £ 11% in ice-poor and ice-rich sites,
respectively. Similarly, the contribution of auto-
chthonous sources (that is, benthic biofilm) to

stream DOC was minor and varied between site
types, with a greater contribution in ice-poor sites
(16 £ 13%) than ice-rich sites (13 £ 11%).

Isotopic Composition of Stream Food
Webs

We observed considerable differences in the C iso-
tope composition of food web components across
streams draining ice-rich and ice-poor terrain,
including benthic biofilm, benthic macroinverte-
brates, and resident fish (Figures 3, 5, 6, 7).
Stable C isotope composition of benthic biofilm was
depleted in ice-rich sites (3'°C = — 37 & 5%,)
compared to ice-poor sites (6'°C = — 29 & 3%
Figure 6, Supplemental Table 1). The A'*C signa-
ture of benthic biofilm was lower in ice-poor sites
(A" C = — 381 +£90%,) than in ice-rich sites
(A C = — 118 £ 839%,; af=1, F=26.2,
P < 0.001). "C ages of benthic biofilm for ice-poor
sites ranged from 1740 to 5255 y BP, whereas
radiocarbon ages in ice-rich sites ranged from 215
to 1965 y BP (Figure 6; Supplemental Table 1).
This spatial pattern of A'*C of benthic biofilm be-
tween sites based on permafrost type appears to
reflect pattern of A'*C-DIC across streams. Benthic
macroinvertebrates (chironomids, stoneflies) and
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slopes in interior Alaska. (O’Donnell and others 2011).

Table 3.

Summary of Model Output from MixSIAR Isotopic Mixing Analyses from Isotopic Mixing Analyses

Across Permafrost Hydrology (that is, Ice-Poor vs. Ice-Rich)

Sources

Mean contribution + standard deviation (%)

Ice-poor watersheds

Ice-rich watersheds

Model 1: Organic C sources to stream DOC?

Shallow peat 22 £ 16
Deep peat 48 + 22
Permafrost 14 £ 14
Biofilm 16 £ 13
Model 2: C sources assimilated by benthic biofilm

DOC 47 + 26
DIC 53 + 26
Model 3: C sources to Arctic Grayling

DOC 53+ 9
Inverts 47 + 9
Model 3: C sources to Dolly Varden

DOC 40 + 16
Inverts 60 = 16

30 £ 17
47 £ 21
11 £11
13 +£11

42 £ 26
58 £ 26

59 £ 27
41 + 27

75
25

No standard deviation for ice-rich Dolly Varden, because n = 1. Model 1 shows the contribution of four end-members to the stream DOC pool. Model 2 shows the contribution
of DOC and DIC to benthic biofilm. Model 3 illustrates the contribution of DOC and benthic invertebrates to Arctic Grayling and Dolly Varden.

resident fish species (Arctic Grayling, Dolly Varden)
followed a similar pattern in A'*C between ice-rich
and ice-poor sites (Figure 3), reflecting C flow from
primary producers up through consumers at higher
trophic levels. Interestingly, the isotopic composi-
tion of chironomids and stoneflies was nearly
identical in most systems (Figure 3, Supplemental
Table 1), suggesting that they draw on similar

carbon sources for diet in the ice-rich systems.
Juvenile Arctic Grayling and Dolly Varden were
also similar in stable isotopic composition but dif-
ferent in A'*C between ice-rich and ice-poor ter-
rain (Figure 3, Supplemental Table 1). For
instance, Arctic Grayling averaged — 228 4+ 50 and
— 73.7 £ 599, in ice-poor and ice-rich terrain,
respectively (dr =1, F = 20.9; P = 0.001).
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ice-poor and B ice-rich terrain. DOC originates primarily from terrestrial organic matter (Figure 3, Table 3). Benthic
biofilm end-member values reflect the mean for both site types. The invertebrate end-member reflects the mean isotopic
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Assimilation of C by Stream Food Web

We conducted a simple mixing analysis to partition
C source contribution (DOC vs. DIC) to benthic
biofilm in all study streams (Model 2; Figure 6; Ta-
ble 2). Our findings indicate that both DIC and
DOC uptake by benthic biofilm are important
pathways of C assimilation in streams draining ice-
poor terrain (Figure 8; Table 3). DIC uptake by
benthic biofilm accounted for 53 £ 26% and
58 + 26% of biofilm isotopic composition in ice-
poor and ice-rich streams, respectively (Table 3).
DOC uptake by stream heterotrophs accounts for
47 £ 26% and 42 £+ 26% of biofilm isotopic com-

position in ice-poor and ice-rich streams, respec-
tively. Our findings indicate that there are large
uncertainties (that is, high standard deviation)
associated with both DOC and DIC end-member
contribution to biofilm (Table 3).

We conducted a mixing analysis to partition the
relative contribution of DOC and benthic
macroinvertebrates to resident fish diet (Model 3;
Figure 7; Table 2). Although fish cannot directly
assimilate DOC, the isotopic composition of fish
could not be accounted for without inclusion of an
isotopic end-member for DOC (or by proxy, peat;
Figure 7). In these streams, particulate organic C
(POC) comprises a very low proportion of total
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organic C (< 5%; O’Donnell and others 2015) and
therefore is likely not an important contributor to
fish diet. It is likely, however, that DOC may be
assimilated into fish through macroinvertebrate
taxa not sampled in this study. In streams draining
ice-poor terrain, mixing model results suggest that
the diets of juvenile Arctic Grayling and Dolly
Varden are derived from both DOC (40-53%) and
benthic macroinvertebrates (47-60%), the latter
determined by the isotopic composition of chi-
ronomids and stoneflies (Figure 7; Supplemental
Table 1). In streams draining ice-rich terrain, DOC
was the primary contributor to juvenile Arctic
Grayling diet (59 + 27%), with macroinvertebrates
(41 £ 27%) comprising a smaller proportion of fish
isotopic composition. In ice-rich systems, benthic
macroinvertebrates are nearly identical to biofilm

(Figure 7). In ice-poor terrain, macroinvertebrates
and biofilm are isotopically different, indicating
that their diet may consist of additional sources not
sampled in this study. Across stream types, it ap-
pears that Arctic Grayling rely more on DOC than
stoneflies and chironomids for feeding in compar-
ison with Dolly Varden, with the exception of the
C-rich Pish River (Figure 8C, D).

To evaluate the importance of older organic C to
stream food webs, we estimated the contribution of
older DOC (pre-1950s) to benthic biofilm compo-
sition and resident fish diet. To calculate the frac-
tion of biofilm tissue and fish diet derived from
older DOC, we first determined the fraction of
stream DOC derived from old terrestrial C by
summing contributions from deep peat (**C age =

530 y BP) and near-surface permafrost ('*C
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age = 5490 y BP). We then multiplied that amount
(fraction of old DOC) by the fraction of biofilm
tissue or fish diet comprised of DOC. Benthic bio-
film was derived from a moderate amount of old
DOC, averaging 30 £ 9% and 11 £ 1% in ice-poor
and ice-rich streams, respectively. By comparison,
old DOC was slightly larger contributor to fish diet,
averaging 36 + 9% and 41 £+ 14% for Arctic
Grayling in ice-poor and ice-rich streams, respec-
tively. Old C contributed 26 + 11% to Dolly Var-
den diet in ice-poor streams and 38% (n = 1 fish)
in ice-rich streams. We conducted regression
analyses to evaluate possible linkages between fish
size and nutritional status (for example, length at
age, energy density) and the fraction of fish diet
derived from old DOC. We observed negative
relationships (where P < 0.10) between length at
age and fish diet derived from old C for age-1 Arctic
Grayling and age-2 Dolly Varden, but not age-1
Dolly Varden (Figure 9A). We also observed a
negative relationship between energy density and
fish diet from old C for Arctic Grayling (P = 0.06),
but no relationship for Dolly Varden (Figure 9B).

DiscussioN

Assimilation of Old Dissolved Carbon
by Stream Biofilm in the Arctic

Our findings indicate that old organic and inorganic
C from waters draining permafrost landscapes can
be assimilated by biofilm in arctic streams. The
radiocarbon age of food web components (benthic
biofilm, benthic macroinvertebrates, and juvenile
resident fish) ranged from more than 5000 years
BP to modern. To correctly interpret the contribu-
tion of old organic matter sources to stream biota, it
is critical to account for the uptake of DIC by pri-
mary producers. This process reflects a ““reservoir
effect’”” (Ishikawa and others 2015; Keaveney and
others 2015; Guillemette and others 2017), as car-
bonate dissolution and groundwater transport
delivers old DIC from underlying bedrock to
streams, depleting the A'C content of DIC and
aquatic biota. The magnitude of the reservoir effect
in our study streams indicated by depleted A'*C
signatures of DIC in streams varied spatially,
mainly due to the differences in permafrost
hydrology. In streams draining watersheds under-
lain by ice-poor carbonate bedrock, DIC was sub-
stantially older than in streams draining watersheds
underlain by ice-rich, fine-grained deposits.
Regression analyses indicate that DIC age is closely
linked to relative groundwater influence across our
study streams, as inferred by specific conductivity

measurements. Our mixing model results further
illustrate that uptake of old DIC is an important
pathway of C incorporation into the food web of
streams draining ice-poor terrain. This observation
helps explain the highly depleted A'*C content of
biofilm communities. In addition to DIC uptake by
primary producers, we quantified DOC assimilation
by aquatic microbes within the biofilm community
(Battin and others 2016). Here, we observed similar
uptake or assimilation of DOC by the biofilms
across streams draining ice-rich and ice-poor ter-
rain, which accounts for 42-47% of biofilm isotopic
composition, on average. These relative contribu-
tions of DOC to biofilm are intermediate in value to
other observations in glacial streams (49-64%) and
non-glacial streams (2%) in southeast Alaska
(Fellman and others 2015). Still large uncertainties
exist regarding the relative contribution of DOC
and DIC to benthic biofilm in our study streams. To
reduce these uncertainties, future sampling should
aim to better characterize spatial patterns of biofilm
across stream reaches (riffle vs. run vs. pool) and
biofilm community composition, potentially using
molecular techniques (for example, Besemer and
others 2012; Ishikawa and others 2015).

Contemporary and Old Sources to Stream
DOC Pool

In the Arctic, the transfer of terrigenous DOC from
watershed soils to rivers, estuaries, and the Arctic
Ocean represents a critical component of the arctic
C budget that is sensitive to changing climate and
disturbance regimes in the region (McGuire and
others 2010). Evidence indicates that warming and
permafrost thaw will mobilize C that has been
frozen for millennia, releasing '*C-depleted C to
the atmosphere (Schuur and others 2015) and
surface waters (Spencer and others 2015). In
headwater streams of northwest Alaska, our find-
ings indicate that the age of stream DOC ranges
from 3430 years BP to modern (post-1950) under
summer baseflow conditions. Spatial variation in
A'C-DOC signatures appears to vary with sub-
surface hydrology, as determined by permafrost
characteristics such as soil parent material and
ground-ice content (O’Donnell and others 2016).
Streams draining watersheds underlain by ice-poor
bedrock often have older DOC, with '*C ages
comparable to those of ground-water dominated
streams of the Yukon River basin (Aiken and others
2014). DOC in streams draining ice-rich terrain is
comparatively younger, which suggests that large
scale of mobilization of permafrost C from ice-rich
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Figure 9. A Relationship between length at age (mm) and fish diet derived from old DOC (%) for Arctic Grayling at age 1
(linear regression: R* = 0.59; P = 0.07) and Dolly Varden at age 1 (R* = 0.27; P = 0.28) and 2 (R* = 0.57; P = 0.08). To
determine this, we multiplied the fraction of DOC derived from deep peat and near-surface permafrost by the fraction of
fish derived from DOC. B Relationship between energy density (mJ kg™') and fish diet derived from old C for Arctic

Grayling (R* = 0.41, P = 0.06) and Dolly Varden (P = 0.60).

valley-bottom and hillslope soils has not occurred
yet.

The relative contribution of contemporary versus
old terrestrial DOC to aquatic ecosystems has
important implications for aquatic carbon cycling
and food web dynamics. The chemical character-
istics of contemporary or young DOM are often
associated with high bio-lability and nutrient con-
tent (Guillemette and others 2017), which can fuel
high rates of aquatic production (Berggren and
others 2009). By contrast, older DOC (non-per-
mafrost) in surface waters may be more degraded,
less bio-labile, and depleted in nutrient content
(Kellerman and others 2018). DOC in permafrost,
however, can be both old and bio-labile upon thaw
due to the low microbial activity in frozen ground
(Mikan and others 2002; Drake and others 2015;
Ewing and others 2015). Our findings indicate that
approximately one-third of the stream DOC pool
was derived from shallow peat, a contemporary

terrestrial C source (since 1950s), and more than
half was derived from older terrestrial sources
(deep peat and permafrost; > 5000 y BP). We
further observed that younger DOC from ice-rich
terrain is more aromatic (as indicated by higher
SUVA,s, values) compared to the older DOC in
streams draining ice-poor terrain. These patterns
are consistent with prior observations linking DOC
age and aromaticity, and the first established age-
composition relationships across different per-
mafrost terrain types (Butman and others 2012;
Aiken and others 2014; O’Donnell and others
2014). As permafrost thaws, groundwater contri-
butions to stream flow increase (Walvoord and
Striegl 2007; Walvoord and others 2012), and
subsequently, SUVA,s, values decline, reflecting
lower DOM aromaticity (O’Donnell and others
2012). Using fluorescence spectroscopy, O’'Donnell
and others (2016) documented higher protein-like
fluorescence in streams draining ice-poor terrain,
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which may reflect larger contributions from deeper
groundwater flow paths or from nitrogen-enriched
microbial sources (Cory and others 2007).

Of the older terrestrial organic C sources, deep
peat layers of the active layer appear to be the
primary contributor to the stream DOC pool. Our
findings indicate that near-surface permafrost C
(~ 5000y BP) was a relatively minor contributor to
the stream DOC pool in these headwater reaches,
which could be due to the following. First, per-
mafrost in the region is not actively thawing at an
appreciable scale to drive old C mobilization and
detection in streams. This hypothesis is supported
by soil thermal modeling of Panda and others
(2016), who showed that near-surface permafrost
in the region is largely intact, but will likely expe-
rience widespread warming and thawing by 2100.
Second, permafrost DOC is highly bio-labile and
susceptible to rapid and preferential mineralization
upon thaw in soil pore waters and in small streams
(Drake and others 2015; Mann and others 2015;
Spencer and others 2015) and thus is often not
detected in high-order streams and rivers (Aiken
and others 2014). Thus, as active layer thickness
increases and near-surface permafrost C thaws, a
considerable fraction of this thawed C may be
mineralized and lost from subsurface waters during
transport to the stream.

Old Organic Carbon Assimilation by Fish
and Implications for Growth
and Nutritional Status

An increasing number of studies are using natural
abundance of '*C to trace old organic matter
assimilation into modern food webs, including
higher trophic levels such as fish (see Bellamy and
Bauer 2017; Guillemette and others 2017, and
citations therein). Given the large amount of old C
in permafrost soils, it is likely that a fraction of this
C is assimilated by fish upon permafrost thaw, but
almost no studies have examined this process to
date. One exception is the work of Schell (1983),
who documented the assimilation of old C from
Holocene peat deposits by estuarine fish in north-
ern Alaska, likely through their consumption of
peat-metabolizing amphipods in the estuary water
column. Here, we show that juvenile, resident fish
(Arctic Grayling, Dolly Varden) also depend
strongly on resources supported by old terrestrial
peat, as reflected by the large contributions (53—
62%) of DOC to fish isotopic composition. Stone-
flies and chironomids also reflect a large fraction of
fish diet, contributing 38-47% (collectively) to the

isotopic composition of Arctic Grayling and Dolly
Varden.

Our findings suggest that DOC is an important
component of fish isotopic content and conse-
quently reflects a critical pathway for old organic C
in stream ecosystems. While fish cannot directly
assimilate DOC, it may serve as a proxy for other
pathways of organic C assimilation. We considered
several possibilities to explain the apparent influ-
ence of DOC on fish isotopic content. First, it is
possible that DOC may actually reflect the isotopic
content of POC, which was not measured in this
study, but can serve as an important C source to
food webs in glacially influenced streams (Fellman
and others 2015). However, POC comprises a small
fraction of total organic C in our study streams
(< 5%; O’'Donnell, unpublished data) and therefore
is likely a minor source of C to food webs. Second,
our findings indicate that DOC may serve as a
proxy for terrestrial peat, as evidenced by the large
influence of shallow and deep peat horizons on the
stream DOC pool. One possible pathway for peat
assimilation into fish is through the decomposition
and consumption of terrestrial peat C by stream
detritovores (for example, Schell 1983, Caraco and
others 2010; Hagvar and Ohlson 2013). Third, DOC
could reflect C assimilation via decomposition of
vascular leaf litter by macroinvertebrates in the
functional feeding group ‘‘shredders’” (Merritt and
others 2008). However, this pathway of C uptake
may be limited, given that leaf litter inputs to
tundra streams are relatively low compared to
forested ecosystems (Benfield 1997), particularly
prior to fall senescence. Lastly, it is also possible
that the sampling plan in this study did not capture
important C source(s) to fish diets due to spatial or
temporal gaps. For example, DOC uptake by
microbial biofilms in pools or other stream habitats
was not sampled or greater POC concentrations in
streams were missed during high-flow periods.
While further work is needed to better track path-
ways of DOC or peat assimilation by stream food
webs, our findings indicate that the inclusion of a
DOC end-member is critical for explaining isotopic
patterns in resident fish species.

The question remains how the increased mobi-
lization of old organic C from thawing permafrost
will impact fish production in stream ecosystems.
The food resource age paradigm suggests that older
organic matter is less bio-available and nutritious
than younger organic matter (Guillemette and
others 2017). Observations that support this para-
digms are largely limited to effects at the microbial
trophic level (Raymond and Bauer 2001; Mayorga
and others 2005; Berggren and others 2009). Our
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findings suggest that the assimilation of old organic
C through the food web may be associated with
reduced growth and energy density of fish, pro-
viding some support for the food resource age
paradigm at higher trophic levels. For both juvenile
Arctic Grayling and Dolly Varden, we observed
negative relationships between length at age and
the percentage of fish diet derived from old organic
C. Interestingly, energy density of Arctic Grayling
tissue also declined with use of old organic C,
whereas energy density of Dolly Varden tissue was
not related to use of old C. This observation sug-
gests that foraging behavior and metabolic de-
mands may vary considerably between these two
resident species. Prior work suggests that Arctic
Grayling are drift feeders (Hughes 1998), whereas
Dolly Varden primarily forage on benthic commu-
nities (Nakano and others 2001). The mechanisms
linking old C and fish growth and nutritional status
are unresolved and likely complex, but reflect
bottom-up controls on stream food web dynamics.

As permafrost thaws and ancient, bio-labile
forms of DOC (for example, acetate) are mobilized
(Ewing and others 2015), we may expect a shift
toward use of older organic matter by stream biota.
Primary production in our study streams is likely
nutrient-limited (Peterson and others 1993), given
that dissolved nitrogen and phosphorus concen-
trations are at or near detection limits (O’Donnell
and others 2015). DOC concentrations are also low
in many of the ice-poor streams, where DOC is
older compared to ice-rich streams. Mineralization
of older terrestrial DOM may function to alleviate
nutrient limitation in these oligotrophic systems.
Thus, it is critical to establish baseline conditions to
compare against future increases in delivery and
use of old DOC by stream food webs.

CONCLUSIONS

Our findings document the assimilation of old ter-
restrial C by biota in headwater streams of Arctic
Alaska. We further document important spatial
patterns in the age and form of dissolved C in arctic
streams, and how these patterns drive isotopic
composition of stream biota. These observations
indicate that watershed hydrology, as determined by
permafrost characteristics (ground-ice content, soil
hydraulic properties, depth of flow path), is a pri-
mary driver of C age, form, and assimilation path-
way in arctic streams. Model results suggest that
much of the old DOC is derived from deep peat, and
to a lesser extent, near-surface permafrost. How-
ever, as permafrost continues to thaw, we expect the

relative contributions from permafrost C to stream
ecosystems to increase. While our findings suggest
that increasing contributions of old C may hamper
fish growth and nutritional status in headwater
streams, more experimental work is needed to better
understand the mechanisms underlying these
observations. Finally, our findings also highlight the
importance of characterizing the isotopic composi-
tion of inorganic C in stream food web studies, which
can deplete A'*C values of benthic biofilm and other
food web components. By accounting for old DIC,
we were better able to interpret patterns and drivers
of C isotopes in stream biota and to partition con-
tributions from organic matter released from thaw-
ing permafrost.
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Supplemental Material

Supplemental Table 1. Summary of stable carbon and radiocarbon isotope data for carbon sources and stream biota.

Lab Sampling
Site ID Sample Type AMS # Date 313C (%o) M AC (%o) 14C age (BP)
Ice-Poor Streams
ANFT 2 DIC 178690 8/11/2016 -6.6 £0.2 0.6560 £ 0.0016 -3493+ 1.6 3385+20
ANFT 3 DIC 178696 8/11/2016 -6.1+0.2 0.5653 £0.0014 -4392+1.4 4580 + 20
ANFT 4 DIC 178694 8/12/2016 -7.1+£0.2 0.6179 +0.0015 -387.0+1.5 3865 + 20
ASFT 1 DIC 178695 8/10/2016 -33+0.2  0.5347+0.0013 -469.5+ 1.3 5030 £ 25
ASFT 2 DIC 178697 8/10/2016 -3.2+0.2 0.5763 £0.0014 -4282+1.4 4425 £ 20
ASFT 4 DIC 178691 8/9/2016 -8.7+0.2 0.8132+£0.0019 -1933+1.9 1660 + 20
Asik Creek DIC 178688 8/12/2016 -7.6£0.2 0.5951 £0.0014 -409.6+1.4 4170 +20
Mean DIC -6.1 £2.1 0.6227 £+ .0925 -382.3+91.8 3810+ 1200
Ice-Rich Streams
CRT2 DIC 178689 8/15/2016 -6.6 0.2 0.8249 £ 0.0019 -181.9+1.9 1550 + 20
IRT 1 DIC 178692 8/14/2016 -7.3+£0.2 0.9141 £0.0021 -932+2.1 720 + 20
PRM 2 DIC 184766 9/11/2016 - 0.8780 £0.0015 -129.1+1.5 1045+ 15
PRT 2 DIC 184765 9/11/2016 - 1.0071 £0.0018 -1.0+1.8 Modern
Mean DIC -7.0 £ 0.5 0.9060 + .0767 -101.3 = 76.1 790 + 690
Ice-Poor Streams
ANFT 2 DOC 146792 8/11/2016 -2724+0.2 1.0007 +0.015 -7.3+14.7 Modern
ANFT 3 DOC 146794 8/11/2016 272+02  0.9569 £0.013 -50.7+13.4 355+ 110
ANFT 4 DOC 146790 8/12/2016 27.0+04  0.9234+0.032 -83.9+31.7 640 + 280
ASFT 1 DOC 146793 8/10/2016 223+1.0  0.7467 = 0.060 -259.2 £60.2 2350 + 650
ASFT 2 DOC 146787 8/10/2016 -26.6+0.6  0.8372+0.040 -169.5 £40.4 1430 + 390
ASFT 4 DOC 146789 8/9/2016 274+02  0.9241 +0.009 -83.2+89 635+ 80
Asik Creek DOC 146788 8/12/2016 -27.5+0.5 0.8743 £0.033 -132.7+£329 1080 + 300



Mean DOC -26.5+1.9 0.8948+0.0841  -112.4+83.4 890 + 760
Ice-Rich Streams
CRT 1 DOC 146796 8/15/2016 -28.0+0.1 0.9718 £0.005 -359+45 230 + 35
CRT 2 DOC 146791 8/15/2016 -273+0.1 0.9342 £0.008 -732+7.5 545 + 65
IRT 1 DOC 146795 8/14/2016 -27.4+0.1 0.9245 £ 0.008 -82.9+8.2 630+ 70
PRT 2 DOC 146797 9/11/2016 -28.3+0.1 1.0095 + 0.004 1.5+£3.9 Modern
Mean DOC -27.8+0.5 0.9600 = 0.039 -47.6 + 38.5 330 £330
Cutler Moss (0-4 cm) 194267 7/24/2014 -28.1+0.2  1.1342+0.0024 125.0+2.4 Modern
Cutler Mesic OM (4-7 cm) 194264 7/24/2014 -26.3+0.2 1.1102+0.0019 101.3+1.9 Modern
Cutler Humic OM (10-15 cm) 194268 7/24/2014 -264+0.2 0.9592+0.0018 485+ 1.8 335+ 20
Cutler Humic OM (15-19 cm) 194265 7/24/2014 -26.2+0.2 0.9332+0.0015 -743+1.5 555+ 15
Cutler Humic OM (19-25 cm) 194266 7/24/2014 -259+0.2 09152+0.0015 -92.1+1.5 710 £ 15
Cutler Mean Shallow Peat -272+13  1.1222+0.0170 113.2 +16.8 -
Cutler Mean Deep Peat -26.2+0.3  0.9359 + 0.0221 -71.6 + 21.9 530 £ 190
Ice-Poor Streams
ANFT 2 Biofilm 184306 8/11/2016 -29.8 0.6661 +0.0012 -339.3+1.2 3265+ 15
ANFT 3 Biofilm 184305 8/11/2016 -27.2 0.6049 +0.0011 -400.0 £ 1.1 4040 + 15
ANFT 4 Biofilm 184304 8/12/2016 -33.2 0.6093 +£0.0011 -3956 1.1 3980+ 15
ASFT 1 Biofilm 184309 8/10/2016 -24.1 0.5198 +£0.0010 -484.4+ 1.0 5255+ 15
ASFT 2 Biofilm 184308 8/10/2016 - 0.5766 +0.0013 -428.0+ 1.3 4425 + 20
ASFT 4 Biofilm 184307 8/9/2016 -32.1 0.8053 £0.0014 -201.2+1.4 1740 + 15
Asik Creek Biofilm 184303 8/12/2016 -27.7 0.5892 £ 0.0011 -4155+1.1 4250 £ 15
Mean Biofilm -29.0+£34 0.6245+0.0909 -380.6+90.1 3780+1170
Ice-Rich Streams
CRT 1 Biofilm 184297 8/15/2016 -40.5 0.9739 £0.0019 -340+1.9 215+20
CRT 2 Biofilm 184298 8/15/2016 -38.8 0.8287 £0.0015 -178.0+ 1.5 1510 £ 15
IRT 1 Biofilm 184299 8/14/2016 - 0.7830 £ 0.0014 2234+1.4 1965 £ 15
IRT 2 Biofilm 184300 8/14/2016 -29.5 0.8917 £0.0015 -1155+1.5 920 + 15
PRT 2 Biofilm 184301 9/11/2016 -38.2 0.9678 £0.0016 -40.0+£ 1.6 265 £ 15



Mean Biofilm -36.8+4.9 0.8890 +0.0841 -118.2 +83.4 950 + 760
Ice-Poor Streams
ANFT 2 Stonefly 194252 8/11/2016 -347+0.2 0.6764+0.0012 -329.1+£1.2 3140 +£ 15
ANFT 3 Stonefly 194253 8/11/2016 -35.1£0.2  0.6791+0.0012 -326.3+1.2 3110+ 15
ANFT 4 Stonefly 194254 8/12/2016 - 0.6282 +0.0011 -376.9 £ 1.1 3735+ 15
ASFT 1 Stonefly 194255 8/10/2016 - 0.6052 +0.0011 -399.7 £ 1.1 4035+ 15
ASFT 2 Stonefly 194256 8/10/2016 - 0.6214 +£0.0011 -383.6 £ 1.1 3820+ 15
ASFT 4 Stonefly 194257 8/9/2016 - 0.8344 + 0.0062 -172.4+6.2 1450 + 60
Asik Creek Stonefly 194258 8/12/2016 - 0.6271 £0.0043 -378.0+4.3 3750 + 60
Mean Stonefly 349+0.3 0.6674 £0.0788  -388.0 + 78.1 3520 + 950
Ice-Rich Streams
CRT 1 Stonefly 194261 8/15/2016 -364+0.2 09874+0.0016 205+1.6 100 £ 15
CRT 2 Stonefly 194259 8/15/2016 - 0.8409 + 0.0015 -1659+1.5 1390 + 15
IRT 1 Stonefly 194263 8/14/2016 -35.6+£0.2 0.9376+0.0015 -699+1.5 515+ 15
IRT 2 Stonefly 194262 8/14/2016 - 0.9329 £ 0.0022 -74.6£2.2 560 £ 20
PRT 2 Stonefly 184829 9/11/2016 - 0.9940 £ 0.0018 -14.1+£1.8 50+ 15
Mean Stonefly -36.0£0.6  0.9386 + 0.0613 69.0 + 60.8 510 + 530
Ice-Poor Streams
ANFT 2 Chironomid 195405 8/11/2016 -374+£0.1 0.6658+0.0011 -339.6 £ 1.1 3270 £ 15
ANFT 3 Chironomid 195406 8/11/2016 - 0.6273 £ 0.0040 -377.8 £4.0 3750 £ 60
ANFT 4 Chironomid 195407 8/12/2016 -354+0.1 0.6248 £ 0.0010 -380.2+ 1.0 3780 £ 15
ASFT 1 Chironomid 206514 8/10/2016 - 0.5720 £ 0.0078 -432.7+7.8 4490 £ 110
ASFT 2 Chironomid 195408 8/10/2016 - 0.8472 +0.0037 -159.6 £3.7 1330 + 35
ASFT 4 Chironomid 195410 8/9/2016 - 0.7369 £ 0.0013 -269.1 £1.3 2455 £ 15
Asik Creek Chironomid 195411 8/12/2016 -36.5+£0.1 0.6031+0.0011 -401.8 £ 1.1 4065 + 15
Mean Chironomid -27.2+18.5 0.6682 +0.0947 -321.4+92.0 3240 +1260
Ice-Rich Streams
CRT 1 Chironomid 195413 8/15/2016 -329+0.1 0.9790+0.0017 289+ 1.7 170 £ 15
CRT 2 Chironomid 195412 8/15/2016 -39.8+0.1 0.8390+0.0016 -167.8 £ 1.6 1410 + 20



IRT 1 Chironomid 195415 8/14/2016 - 0.9238 +0.0022 -83.7+£2.2 635 +20
IRT 2 Chironomid 195414 8/14/2016 - 0.9471 £0.0018 -60.5+1.8 435 +£20
PRT 2 Chironomid 195416 9/11/2016 - 1.0021 £ 0.0021 -6.0+2.1 Modern
Mean Chironomid -36.4+49 0.9382 +0.0630 -69.4 + 62.5 510 + 540
Ice-Poor Streams
ANFT 2 Arctic Grayling 184287 8/11/2016 -30.9 0.8064 +0.0014 -200.1 £ 1.4 1730 £ 15
ANFT 3 Arctic Grayling 184291 8/11/2016 -31.6 0.7167 £0.0013 -289.1 £1.3 2675+ 15
ANFT 4 Arctic Grayling 184289 8/12/2016 -31.2 0.7772 £0.0013 -229.1+£1.3 2025+ 15
ASFT 1 Arctic Grayling 184285 8/10/2016 -32.3 0.7304 +0.0012 2755+1.2 2525+ 15
ASFT 2 Arctic Grayling 184290 8/10/2016 -29.1 0.8124 +£0.0014 -1942+1.4 1670 £ 15
ASFT 4 Arctic Grayling 184288 8/9/2016 -30.3 0.8589+£0.0015  -148.0-+1.5 1220+ 15
Asik Creek Arctic Grayling 184292 8/12/2016 -30.2 0.7472 £0.0013 -2589+1.3 2340+ 15
Mean Arctic Grayling -30.8+1.0 0.7785+0.0508 -227.8 +50.4 2010 =530
Ice-Rich Streams
CRT 1 Arctic Grayling 184293 8/15/2016 -30.5 0.8857 £0.0016 -121.5+1.6 975+ 15
CRT 2 Arctic Grayling 184294 8/15/2016 -32.1 0.8859 +0.0016 -121.3+1.6 975+ 15
IRT 1 Arctic Grayling 184295 8/14/2016 -26.7 1.0101 £0.0018 1.9+1.8 Modern
IRT 2 Arctic Grayling 184296 8/14/2016 - 0.9538 +£0.0017 -539+1.7 380+ 15
Mean Arctic Grayling -29.8+2.8  0.9339 + 0.0601 -75.2 +£59.0 550 + 520
Ice-Poor Streams
ANFT 2 Dolly Varden 184278 8/11/2016 -32.7 0.6840 +0.0012 -3215+£1.2 3050+ 15
ANFT 3 Dolly Varden 184282 8/11/2016 -33.0 0.6720 +£0.0013 -3334+1.3 3195+ 20
ANFT 4 Dolly Varden 184280 8/12/2016 -33.9 0.6977 £0.0014 -308.0+1.4 2890 + 20
ASFT 1 Dolly Varden 184276 8/10/2016 -29.3 0.7765 £ 0.0013 -229.7+1.3 2030+ 15
ASFT 2 Dolly Varden 184281 8/10/2016 -31.2 0.7097 £0.0013 -296.0+ 1.3 2755+ 15
ASFT 4 Dolly Varden 184279 8/9/2016 -30.0 0.8861 = 0.0016 -121.0£ 1.6 970 £ 15
Asik Creek Dolly Varden 184277 8/12/2016 -31.3 0.7268 +£0.0014 279.1+ 1.4 2565+ 20
Mean Dolly Varden -31.6 £1.7  0.7361 £0.0744  -269.8 + 73.8 2460 + 820

Ice-Rich Streams



PRT 2 Dolly Varden 9/11/2016 -26.7 0.9145 4+ 0.0016 -92.9+ 1.6 720 + 15

Note: fM = fraction modern; BP = before present which1950; Modern = samples contain excess “C, probably from mid-20th century
atmospheric thermonuclear weapons tests.

Error bars represent analytical error, or standard deviation of the measurement. All AMS measurements and lab numbers are
associated with the UC Irvine Keck AMS laboratory, except for DOC, which was measured at NOSAMS.
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