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Rapid warming of high-latitude ecosystems is increasing microbial activity
and accelerating the decomposition of permafrost soils. This proliferation
of microbial energy could restructure high-latitude food webs and alter
carbon cycling between above-ground and below-ground habitats. We used
stable isotope analysis (§"*C) of amino acids to trace carbon flow through
food webs exposed to warming and quantified changes in the assimilation of
microbial carbon by Arctic tundra and boreal forest consumers. From 1990
to 2021, small mammals in boreal forests exhibited a significant reductionin
the use of plant-based ‘green’ food webs and an increased use of microbially

mediated ‘brown’ food webs, punctuated by a>30% rise in fungal carbon
assimilation. Similarly, fungal carbon assimilation rose 27% in wolf spiders
under experimental warming in Arctic tundra. These findings reveal a
climate-mediated ‘browning’ of high-latitude food webs and point to an
understudied pathway by which animals canimpact carbon cycling under

climate warming.

High-latitude ecosystems are warming at unparalleled rates, with wide-
spread consequences for ecological processes' . Of particular concern
is thawing permafrost and the release of long-sequestered carbon
(C) from northern soils that can lead to C-cycle feedbacks, thereby
accelerating rising temperatures*’. Permafrost covers ~25% of Earth’s
terrestrial surface and storesnearly twiceasmuch Casiscurrentlyinthe
atmosphere’, but climatic warming has increased microbial decomposi-
tion of this previously frozen soil organic matter, resulting inincreased
heterotrophicrespiration and greenhouse gas emissions®’. While the
consequences of this ‘microbial awakening’ for C cycling have received
widespread attention**®, theimpact of climate-mediated permafrost
decay on high-latitude terrestrial food webs remains unclear’.
Permafrost decomposition and subsequentincreasesin microbial
activity could restructure high-latitude food webs by altering the avail-
ability of Csources and energy channels accessible to consumers’. For
example, ancient Cleached from permafrost soils as dissolved organic
carbon can subsidize aquatic food webs via assimilation by hetero-
trophicmicrobes, thereby altering resource pathways and energy chan-
nelling across ecosystems'®"’, At the same time, increases in primary

production due to climate warming have precipitated widespread
‘greening’ across high-latitude ecosystems, potentially increasing the
availability of plant-based energy channels'>", However, the extents to
which greening and microbial decomposition of permafrost impact
energy flow and consumers in terrestrial food webs remains largely
unknown™. Although terrestrial food webs have historically been cat-
egorized as either above-ground ‘green’ webs supported by plants
or below-ground ‘brown’ webs fuelled by detritus, accumulating evi-
dence suggests green and brown food webs are interlinked and that
microbially mediated energy supports higher-order consumers in
both above- and below-ground systems" ™", For example, small mam-
mals inamontane ecosystem acquire nearly 70% of their energy from
microbial sources”, while energetic models suggest invertebrate food
webs in Arctic tundra are supported almost entirely by fungal energy
channels™. In their seminal assessment of a high-Arctic ecosystem,
Summerhayes and Elton" also recognized that animals connect
above- and below-ground food webs, a linkage that has been cor-
roborated by contemporary studies™. Thus, it stands to reason that
climate-mediated permafrost decay and the rapid proliferation of
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Fig.1|Food-web structure and carbon flow in boreal forest mammals.
a-c, Linear discriminant analysis (LDA) of carbon sources and small mammals
from Alaskan boreal forest. Carbon sources included plants (green; N =14),
fungi (light brown; N =13) and bacteria (dark brown; N =10), and mammals
included tundra (Microtus oeconomus; Nygeo = 8 and N,o,, = 4) (a,d), red-backed
voles (Myodes rutilus; Nyoe = 7 and N,o,, = 13) (b,e) and masked shrews (Sorex
cinereus; Nyg9o =10 and N, =13)(c,f) collected in1990 (blue) and 2021 (red).
Standard ellipse areas (95%) for carbon sources are represented by dashed

lines, percentage of variation described by linear discriminantsis reported

in parentheses and P values represent multivariate differencesin linear
discriminant means between 1990 and 2021 assessed via PERMANOVA.

d-f, Mean proportion of carbon assimilated by mammals represented by
solid dots, with 95% credible intervals represented by solid lines. Significant
differences between periods were determined via two-sided ¢ tests corrected
for multiple comparisons and are noted by asterisks. LDA and proportional
estimates per species are aligned vertically. Illustrations by Juliana Masseloux.

microbial energy channels in below-ground ecosystems may subsi-
dize above-ground consumers and restructure high-latitude food
webs, with potential consequences for ecosystem processes such as
nutrient cycling’.

The coupling of green and brown food webs by animal consum-
ers represents a direct channel between above- and below-ground C
pools that can alter nutrient cycling'®”'. Animals play important but
often underappreciated roles in C cycling through numerous direct
and indirect processes, including herbivory, predation and waste
production®, For example, large ungulates and microtine rodents
can directly limit C storage through herbivory that reduces primary
production®*?*?, while the consumptive®® and non-consumptive®
effects of predators often govern energy flow and C storage in above-
and below-ground compartments. The flow of C between above- and
below-ground systems viathe coupling of green and brown food webs
has similar potential toimpact C cycling through the transfer and stor-
age of Cindifferent trophic compartments, but quantification of these
fluxes remains limited®>.

Inthis Article, we employ anemerging technique—essentialamino
acid (EAA) carbon isotope (6"C) fingerprinting*°—to quantify the
impact of climate warming on energy flow and C fluxes between green
and brown food webs in Arctic tundra and boreal forests in Alaska,
USA. We use 8°C analysis of EAAs to trace the flow of C through food
webs, quantify the proportional assimilation of green and brown C by
above-ground consumers and estimate C fluxes between trophic com-
partments on the basis of food-web shifts**?. EAAs are ideal biomarkers
totrace the flow of C through terrestrial food webs because they canbe

synthesized only by bacteria, fungi and plants, each via unique enzy-
matic pathways thatimpart distinct patterns, or ‘fingerprints’, among
62C values®. Animals cannot synthesize EAAs de novo and therefore
must assimilate these biomolecules from their diet. Because EAAs are
limiting, EAA §"C fingerprints are transferred through food webs and
assimilated by consumers with minimalisotopic alteration, thereby ena-
bling the quantification of carbon flow through food webs*’*, Further,
the majority of vertebrate biomass isbound inamino acids as protein®,
and EAA §"C fingerprints provide areliable proxy for the assimilation of
greenversus brown energy by consumers across species and systems'*°,

We use EAA 8°C fingerprinting to quantify proportional changesin
Cflow and connectivity between green and brown food webs using two
high-latitude consumer guilds subjected to long-termand short-term
climate warming: (1) small-mammal specimens fromaboreal forest sep-
arated by 30 years of rising temperatures®* and (2) wolf spiders (Pardosa
spp.) from experimentally warmed mesocosms in the Arctic tundra.
Small-mammal bone collagen was sampled from museum specimens
collectedin1990 and 2021 near Fairbanks, Alaska, where temperatures
rose 1.4 °Cinthe twentieth century*. Specimens included two rodents,
herbivorous tundravoles (Microtus oeconomus) and omnivorous (often
fungivorous) northern red-backed voles (Myodes rutilus), as well as
masked shrews (Sorex cinereus), an insectivorous predator of the soil
food web*>*, Wolf spiders are generalist predators of invertebrate prey
from the soil food web* and were sampled near Toolik Lake, Alaska, in
2013 from paired control and passively warmed mesocosm plots whose
summertime temperatures differed by approximately 2 °C*, We tested
for differences in C assimilation between periods and treatments,
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and we predicted that the proportion of brown C (bacteria and fungi)
assimilated by consumers would be higher under warming conditions
due to the greater availability of microbial energy from increased
decomposition of permafrost soils. We then used radiocarbon dating
of small-mammal bone collagen to estimate the age and source of
assimilated C, and we used measured differences in the proportions
of green and brown C assimilated by consumers under warming to
estimate C fluxes due to climate-mediated food-web shifts.

Food webs and carbon flow

We detected widespread changes in C assimilation by small mammals
exposed to long-termwarmingin aboreal forest, highlighted by asig-
nificant shift from plant- to fungal-based food webs (Fig. 1a-c). Mul-
tivariate differences in linear discriminant means between 1990 and
2021revealed significant shifts in masked shrews (F, ,,=11.1, P> 0.001),
red-backed voles (F, ;, =13.1, P> 0.001) and tundra voles (F,;; = 6.6,
P=0.011). Further, shrews, red-backed voles and tundra voles also
exhibited 43.8%, 40.3% and 11.6% increases in fungal C assimilation,
respectively (Supplementary Table 1). For example, the mean pro-
portion of fungal C assimilated by omnivorous red-backed voles in
1990 was 0.11 £ 0.07 (s.d.), with plants providing the primary C source
(0.77 £ 0.08). By 2021, fungal energy had increased significantly and
was the primary C source for red-backed voles (0.51 £ 0.07; P=0.01),
directly offset by a>30%reductionin assimilated plant C (0.44 + 0.07;
P=0.02;Fig.1e). Predatory shrews also exhibited significantincreases
inthe assimilation of fungal C through time (Fig. 1f), such that fungal C
dominated contemporary samples (0.85 + 0.05; P= 0.02) and was offset
bya>40%declineinplant C contributions from1990t02021(P< 0.001).
Despite modestincreases in fungal C assimilation, herbivorous tundra
voles did not exhibit significant shifts in C sources (P=0.60; Fig. 1d),
assimilating primarily plant C in both 1990 (0.74 + 0.09) and 2021
(0.66 + 0.17). Notably, bacterial C contributions represented <20% of
the assimilated C for all smallmammals across periods, and all species
exhibited asmallbut non-significant decrease (x = 4.1%; all P> 0.40) in
bacterial C assimilation from 1990 to 2021 (Supplementary Table 1).

Arcticwolf spiders displayed an almost identical shift from plant-
to fungal-based food webs under experimental warming (Fig. 2a;
F,3,=5.6,P=0.009),witha27.4%increaseinassimilated fungal Cbetween
control (0.26 £ 0.08) and treatment (0.53 + 0.07) animals (Fig. 2b;
P=0.02). Thisincrease in fungal C assimilation was directly offset by
a26.1% decrease in assimilated plant C, declining from 0.68 + 0.07 to
0.42 £ 0.06 in control and treatment spiders, respectively (Fig. 2b;
P=0.02). Assimilation of bacterial C by spiders did not change
(P=0.79),and proportional use remained low (<0.06) for both control
and warming treatments (Fig. 2b and Supplementary Table 1).

To estimate the assimilation of ancient C from permafrost, we
radiocarbon dated a subset of each small-mammal species (N =18)
from 1990 and 2021 (Fig. 3). Across all species, we detected a signifi-
cant difference (P < 0.001) in mean A*C between animals from 1990
(172.5%0 +19.7) and 2021 (12.0%. + 6.5). This yielded an average age of
1,272 +135 yrBp for animals sampledin 1990 and 91 + 51 yr B for animals
sampledin 2021, indicating that contemporary animals are composed
primarily of modern C.

Carbon fluxes between food webs

The quantification of carbon flow and assimilation by consumers has
considerable potential to inform food-web and C-cycle models that
require estimates of biomass and C flow between trophic compart-
ments***, To demonstrate the utility of our approach for these mod-
els, we estimated brown C pools and fluxes driven by red-backed vole
populations between 1990 and 2021. Northern red-backed voles are a
broadly distributed Holarctic rodent typified by generalist, often myco-
phagous, foraging behaviour and eruptive population dynamics®**.
Consequently, changes in energy channelling by red-backed voles have
the potential to alter linkages between green and brown food webs
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Fig.2|Food-web structure and carbon flow in Arctic wolf spiders. a, LDA of
carbon sources and wolf spiders (Pardosa spp.) from the Alaskan Arctic tundra.
Carbonsourcesincluded plants (green; N = 24), fungi (light brown; N=16) and
bacteria (dark brown; N=12), and wolf spiders were collected from ambient
(N=12, blue) and warmed (N =20, red) mesocosms. Standard ellipse areas

(95%) for carbon sources are represented by dashed lines, percentage variation
described by each linear discriminant is reported in parentheses and Pvalues
represent multivariate differencesin linear discriminant means between ambient
and warmed plots assessed via PERMANOVA. b, Mean proportion of carbon
assimilated by wolf spiders represented by solid dots, with 95% credible intervals
represented by solid lines. Significant differences between treatments were
determined via two-sided ¢ tests corrected for multiple comparisons and are
noted by asterisks. lllustration by Juliana Masseloux.

and drive above-ground-below-ground C fluxes. We estimate that the
pool of stored C in contemporary red-backed vole populations from
boreal Alaska contains 40% more brown C than in the late twentieth
century. Given an average mass of 21.6 + 5.5 gand ameasured C concen-
tration of 50.6% in vole tissues, the average population of red-backed
voles® stored twice as much brown C in 2021 (9.2 + 5.9 mgC m™) as it
didin1990 (3.7 + 2.9 mgC m2), and we estimate the transfer of C from
below-ground brown food webs to above-ground vole populations was
approximately 5,505.3 gC km2from 1990 to 2021.

Wolf spiders are prominent predators of the Arctic tun-
dra and acquire much of their energy from brown food webs'**".
Koltz et al.”’ estimated a standing spider biomass of 4,360 g km™2in
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boxesrepresent the interquartile range and whiskers represent minimum and
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moist acidic tundrahabitatacross the North Slope of Alaska. Given an
average wolf spider C concentration of 51.8% + 5.3, we estimate that
wolf spiders stored nearly twice as much brown C in warmed plots
(1.31+ 0.22 mgC m™) versus control plots (0.72 + 0.22 mgC m™). If tun-
draecosystemsincrease by auniform2 °C comparable to experimental
mesocosm conditions, these results suggest >30% of the standing pool
of wolf spider biomass in this region could be composed of brown C.

Discussion

We present clear evidence that climate warming alters C flow and
food-web dynamics among above-ground consumersin Arctic tundra
andboreal forest ecosystems, and we show that these changes are the
consequence of astate change from predominantly green, plant-based
food webs to brown, microbe-based food webs. These results dem-
onstrate that animals play key functional roles in nutrient cycling by
linking trophic compartments across green and brown food webs, and
that climate-mediated changes in food-web coupling canredistribute C
between above-and below-ground pools. The observed food-web shifts
and functional responses were consistent across species, ecosystems,
and long- and short-term warming scenarios. Collectively, these find-
ings suggest climate change is reshaping high-latitude terrestrial food
webs, with direct implications for ecosystem processes.

Food-web shiftsin our Arctic tundraand boreal forest ecosystems
were driven almost entirely by anincreased use of fungal energy chan-
nels by above-ground consumers. This reliance on fungal energy is
consistent with studies showing that fungi regulate the coupling of
green and brown food webs in boreal forest and Arctic tundraecosys-
tems™54%4 Using an energetic food-web model, Koltz et al.”® estimated
that >90% of C in contemporary invertebrate tundra food webs is
routed through fungal channels and predicted that above-ground pred-
atorssuch aswolf spidersacquire up to 46% of their energy from brown
sources. Our results suggest this number may be substantially higher
andis mediated by climate, with predatory spiders and shrews assimi-
lating 53% and 85% brown C under warming conditions, respectively.
As generalist apex predators at the interface of above-ground and
below-ground ecosystems'”*?, shrews and spiders are reliable integra-
torsof trophicinteractions and reflect changesin energy flow through
the food web. Our results therefore indicate that climate-mediated
increasesin fungal Cassimilationare an ecosystem-level phenomenon
that extends beyond the consumer species measured herein.

We postulate that the observed transfer of brown C to
above-ground consumersis the result of multiple trophicinteractions

following decomposition of organic matter by fungi at the base of the
food web". Fungi are primary decomposers of plant biomass and soil
organic matter in both boreal forests* and recently thawed perma-
frost****, where they transform recalcitrant biomass (for example,
cellulose and lignin) into labile biomolecules such as amino acids that
aremorereadily assimilated by both plants and animals'*. This fungal
energy channel represents a substantial portion of the assimilable
energy interrestrial ecosystems*. Inturn, fungal-feeding detritivores
suchas collembola, oligochaetes and oribatid mites directly consume
and assimilate fungal C before transferring this energy to higher trophic
level consumers such as wolf spiders and shrews via predation's***,
While we did not directly characterize consumer diet composition,
we suggest that intermediary invertebrate consumers regulate the
flow of brown C to apex predators, thereby mediating the type and
proportion of C assimilated by predatory consumers™?. In addition,
fungivorous consumers such asred-backed voles may directly consume
and assimilate fungal sporocarps®, and the availability of this resource
could increase with warming and elevated rainfall in high-latitude
systems**%, Given that the proportion of fungal to bacterial decom-
position tends to increase with warming*****°, we expect the observed
shiftsin energy flow through fungal channels to persist under predicted
future climates”. To this point, we analysed small-mammal bone col-
lagen, which integrates isotopic signatures over the majority of an
animal’slife®, confirming that the observed increasesin fungal C were
the result of prolonged assimilation and not seasonal exploitation.

The importance of animals in C cycling has received consider-
able debate, but it is increasingly recognized that animals impact C
fluxes and pools through direct and indirect processes? . We used
an emerging stable isotope approach to empirically trace C through
food webs, and our results point to anunderexplored pathway by which
animals may alter C cycling—climate-mediated shifts in animal forag-
ing that redistribute C between above- and below-ground pools. For
example, we show that asingle omnivorous species, red-backed voles,
can redirect brown C from below-ground to above-ground trophic
compartments and that this flux of brown C has increased with cli-
mate warming. This redistribution of brown C was consistent across
all consumers, suggesting the total flux of brown C to above-ground
trophic compartments is probably orders of magnitude higher than
estimates herein after accounting for the broader consumer commu-
nity. Beyond the direct transport of C, shiftsin trophicinteractions and
energy channelling by consumers can have indirect effects on nutrient
cyclingand ecosystem function that probably outweigh direct effects.
For example, using the same mesocosm experiment outlined in the
preceding, Koltz et al.” showed that warming altered a trophic cascade
among wolf spiders and their collembola prey, ultimately leading to
less decomposition. Our data corroborate these findings and suggest
above-ground predators exert top-down influence on below-ground
prey that can impact nutrient cycling and C storage via both direct
and indirect mechanisms that warrant additional attention. Climate
warmingalso decreased the use of plant Camong all consumers, which
may reflect reduced herbivory and top-down pressure on primary
producers. For example, voles can significantly reduce net primary
production**, indicating that the observed declines in assimilated
plant C by tundra voles (8.3%) and red-backed voles (33.4%) could also
increase Cstorage inabove-ground compartments through changes in
herbivory. Theoretical models similarly predict that climate change will
rewiretrophicinteractions and alter the distribution of Cacross trophic
compartments®°"*, but these changes are rarely quantified in empiri-
calstudies. We outline anovel approach to quantify the magnitude and
directionality of C flow between trophic compartments, aframework
that could ultimately be used to parameterize food-web modules and
‘animate’ the carbon cycle®.

Our radiocarbon data revealed that there has been a shift in the
type of C utilized by terrestrial consumers in boreal ecosystems from
1990 to 2021. Previous work has shown that as permafrost decays,
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it releases ancient C that can subsidize contemporary aquatic food
webs'. We expected that terrestrial consumers would exhibit a similar
pattern, but instead found that contemporary animals assimilated
exclusively modern C while historical animals assimilated more ancient
C.Although contrary toinitial predictions, this result is consistent with
*C measurements in boreal forests where respired and below-ground
CO, from decomposing permafrost is composed almost exclusively
of modern C, while undisturbed permafrost may contain C dated to
>1,000 yr BP (ref. 53). Moreover, previous research in our study area
has shown that ancient C is respired faster than modern C” and that
ancient Cis often mobilized as dissolved organic carbon before being
integrated into aquatic systems™ >, Collectively, these findings suggest
ancient permafrost C may have been more labile or bioavailable in our
boreal forest system during the initial 1990 sampling period when it
wasincorporated into the food web. An alternative explanationis that
warming-induced increases in primary production across high-latitude
ecosystems (Arctic greening) has led to greater leaf litter inputs'>**,
thereby stimulating fungal decomposition of contemporary plant
matter and the routing of modern C to contemporary small-mammal
consumers. Understanding the relative impacts of permafrost decay
and increased primary production on C flow will be critical to identi-
fying the mechanisms regulating changes in food-web coupling and
nutrient cycling.

This study adds to a growing body of literature illustrating that
animals link green and brown food webs"”"® and shows that climate
warming consistently alters the coupling of these energy channels
across species and ecosystems. Establishing the trophic pathways by
which changesinenergy channelling occur remains elusive, however,
as are direct links to ecosystem processes such as nutrient cycling. In
this Article, we demonstrate that sources of energy and the flow of
carbon between above-ground and below-ground ecosystems can be
identified through isotopic analysis of essential amino acids, and we
outline a promising approach for expanding our understanding of
global change impacts onfood webs and their energetics. Lastly, while
amultitude of studies have identified broad-scale patterns of greening
in northern ecosystems'>", our study reveals a concurrent browning
of above-ground food webs. Disentangling the processes linking these
emergent phenomenais needed to develop amechanistic understand-
ing of ongoing ecological change in high-latitude ecosystems.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41558-023-01893-0.
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Methods

Sampling

We sampled bone collagen from small-mammal museum specimens
ofknown provenance collected at boreal forest sites near the Bonanza
Creek Long-Term Ecological Research (LTER) site in Fairbanks, Alaska
(Supplementary Fig. 1 and Supplementary Appendix 1)*, including
tundra voles (Microtus oeconomus; Nygep = 8, Ny, = 4), red-backed voles
(Myodes rutilus; Nygeo = 7, N5, = 13) and masked shrews (Sorex cinereus,
Nigoo =10, N,o,; =13) collected in 1990 and 2021 by the University of
New Mexico Museum of Southwestern Biology and the University of
Alaska Museum of the North. All specimens were collected, handled
and stored under standardized protocols®**’, and sampling adhered
to ethical guidelines outlined by the American Society of Mammalo-
gists®®. Wolf spiders were collected from experimental mesocosmsin
July 2013 after one summer of experimental warming designed to test
effects of climate change and spider density on below-ground food
webs near the Arctic LTER site at Toolik Lake, Alaska. Mesocosms were
1.5 mindiameter and enclosed with aluminium flashing that was buried
20 cm below ground and stood 20 cm above the soil surface. Half of
the plots were experimentally warmed by covering the mesocosms
with heavy-gauge plastic sheeting with regularly spaced openings; see
ref. 38 for details. Daytime summer temperatures between ambient
and warmed plots differed by approximately 2 °C (ref. 38). Wolf spiders
for this study were collected from ambient-temperature (N=12) and
passively warmed (N = 20) mesocosms that had either control or high
wolf spider densities. Lastly, we sampled plants (V=21), fungi (N=1)
and soil from Fairbanks, Toolik Lake and Utqiagvik, Alaska, in summer
2021to characterize green and brown energy sources (Supplementary
Appendix 1), and we cultured a subset of bacteria (N=2) and fungi
(N=2)followingref.17.

Stable isotope analysis

We analysed bone collagen from small mammals and whole-body
samples from spiders. Bone collagenis a metabolically active but slowly
integrating tissue that represents lifetime assimilated resources by
small mammals*’, while whole-body tissues from spiders represent a
combination of metabolically active tissues with high turnover rates
(for example, internal organs and haemolymph) and metabolically
inert tissues that represent a brief window of assimilation (for exam-
ple, chitin). However, chitin does not contain amino acids; therefore,
our analyses largely capture the isotopic composition of metaboli-
cally active tissues and represent a period of several weeks before
capture. We measured amino acid §"C values for 55 small mammals,
32 spiders and 26 sources (Supplementary Appendix 1)*. Consumer
andsourcetissues were hydrolysed and derivatized to N-trifluoroacetic
acidisopropyl esters for analysis via gas chromatography combustion
isotope ratio mass spectrometry (GC-C-IRMS) following established
protocols”®°, Allsamples were analysed in duplicate and bracketed by
internal reference material used to correct measured 6"C values fol-
lowingref. 61 (Supplementary Table 2). We measured 6"*C values of 14
amino acids, and we reportisotope datain &-notation as parts per mil
(%o) relative to the international standard Vienna PeeDee Belemnite.
We conducted 22 GC-C-IRMS runs with 95 reference injections (x = 4.3
perrun) and meanwithin-runstandard deviation of reference material
was <0.47%o (X = 0.25%o) for the six EAAs used in §°C fingerprinting
(Supplementary Table 2). Allanalyses were conducted at the University
of New Mexico Center for Stable Isotopes. See Supplementary Informa-
tion ‘Protocols’ for detailed analytical methods.

EAA 8"C fingerprinting

We used 8°C fingerprinting®**' to quantify C assimilation by consum-
ers, focusing on six EAAs: isoleucine, leucine, lysine, phenylalanine,
threonine and valine. We combined measured values with published
EAA §C data®* for plants (n=5), fungi (n=13) and bacteria (n =10)
collected in boreal forest near Fairbanks, Alaska (Supplementary

Appendix 1)*. We characterized 8"C fingerprints using linear discri-
minant analysis (LDA)***' and trained the LDA using EAA 8“C data for
plant, fungal and bacterial sources. We alsoincluded filamentous green
algae as a potential source of aquatic C (refs. 62), but we found no evi-
dence of algal Cassimilation by consumers and therefore removed this
potential source to create amore parsimonious mixing space. Models
for boreal mammals included only sources collected near Fairbanks,
Alaska, while models for spiders included sources from Fairbanks,
Arctic LTER (Toolik Lake, Alaska) and Barrow, Alaska, due to limited
data on sources from the Arctic. All EAA 6*C values for sources and
consumers were Suess-corrected to modern values following Dom-
brosky®’. We used leave-one-out cross-validation to show that source
classification accuracy was high for both the boreal model (94.6%) and
the Arctic model (94.2%; Supplementary Table 2) and then predicted
group assignment for consumers. All analyses were completed in the
r package mass (v.7.3-54)%*.

Food webs and energy channelling

To quantify shifts in energy channel assignment, we used PERMANO-
VAs with 10,000 permutations to test for differences in mean pre-
dicted first and second LDA coordinates between periods (mammals)
and experimental treatments (spiders) using the r package vegan
(v.2.5-7)%. We then used Bayesian mixing models in the r package
simmr (v.0.4.5)°° to quantify the proportional assimilation of C from
energy channels by consumers® (see Supplementary Information
‘Protocols’). We parameterized source and consumer mixtures
using LDA coordinates and grouped consumers by period (mam-
mals) or treatment (spiders), with separate models run for mam-
mals and spiders. To test for significant differences between groups,
we extracted the marginal posterior distributions and calculated
the two-sided probability that the difference between marginal
posterior distributions was less than zero®“® (see Supplementary
Information ‘Protocols’). This is analogous to a ¢ test for posterior
distributions, and we used Benjamini-Hochberg false discovery rate
correction to assess significance ata = 0.05,0.01and 0.001. We found
no effect of spider density (all P> 0.50) on C assimilation and report
only warming effects herein.

Radiocarbon dating

Weradiocarbon (*C) dated bone collagen from three to four individual
mammals per species per period (N =18) via accelerator mass spec-
trometry (AMS) at the Pennsylvania State University’s Radiocarbon
Lab (see Supplementary Information ‘Protocols’). Individuals were
selected by identifying animals with the most assimilated brown car-
bonineach period, as identified by mixing models. Samples were run
on a National Electronics Corporation compact AMS with a 0.5 MV
accelerator. Analytical error is in the 2-3%. range for near-modern
samples under currents of up to 200 pA of ?C- and routinely generat-
ing 120-150 pA of 2C- from ~-0.7 mgC samples. Radiocarbon ages are
corrected for mass-dependent fractionation with 8°C values measured
onthe AMS, normalized to an oxalic acid standard (OXII, SRM-4990C),
andreported as A™C (%o), or the deviation of *C:*C in the sample rela-
tive to the standard. All data were calibrated to the NHZ1 post-bomb
calibration curve using CALIBomb software®. Differences between
periods were determined via t test.

Carbon pools and fluxes

We estimated changes in carbon storage due to food-web shifts
using the equation (P, + Pg,,) X C x D x M, where P,,. and Py, are
the estimated mean proportions of assimilated bacteria and
fungi, respectively, Cis the weight percent carbon in animal tis-
sues, D is consumer density (animals m™) and M is the average
mass (g) of the consumer. For M. rutilus, we populated the equa-
tion using mixing model posteriors for P, and Py, and we cal-
culated weight percent carbon from bulk tissue measurements
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of bone collagen via EA-IRMS (Supplementary Appendix 1)>°.
We estimated density using combined means of M. rutilus from popu-
lation studies near Fairbanks, Alaska®’, and we calculated average
mass using >1,000 individual M. rutilus measurements from 2017 to
2022 collected by the National Ecological Observatory Network on
the nearby Bonanza Creek LTER site. For spiders, we used the same
approachto estimate Py, Py, and C,and we used combined mass and
density estimates fromref. 37 to parameterize the equation. Because
the majority of vertebrate biomass is bound in proteins®, and EAA
8™C fingerprints accurately estimate crude protein assimilation®,
our approach provides areasonable proxy for assimilated C in mam-
mals. We assumed that the assimilation of C in spiders, including
chitinous exoskeletons, was comparable to protein assimilation by
mammals. For both estimates, we propagated error using a Monte
Carlo simulation (100,000 iterations) in the r package propagate
(v.1.0-6)7°.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data® used in this study are publicly archived at https://
figshare.com/s/4eb07f400laadc9a9a37, https://doi.org/10.6084/
mo.figshare.22975145.

Code availability

All code® used in this study’ is publicly archived at https://fig-
share.com/s/4eb07f4001aadc9a9a37, https://doi.org/10.6084/
mo.figshare.22975145.
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Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

We measured §13C values in individual amino acids from plants, bacteria, fungi and animals (small mammals, spiders) to quantify
carbon flow and assess the impact of warming on Boreal forest and Arctic tundra food webs.

We measured amino acid §13C values for 55 small mammal museum specimens, 32 spiders from experimental mesocosms, and 26
sources (plants, bacteria, and fungi) opportunistically collected near Fairbanks, AK and Toolik Lake, AK. Previously published data
from sources (N=26) were gathered from Larsen et al. 2009. Radiocarbon (14C) data was derived from 18 small mammals to age the
source of carbon.

Specimens of each species were identified in the Arctos Database for each mammal species and sampled as available following
standardized destructive sampling protocols. Spiders were sampled based on biomass available for isotopic analysis (>0.5mg dry).
Specimens were identified for 14C analysis based on the proportion of microbial carbon assimilated, as identified by stable isotope
mixing models.

All specimens were collected, handled, and stored under standardized museum protocols, with associated data (e.g., date, locality,
standard measurements). Skeletons were sampled based on biomass and bone collagen was isolated following Methods. Spiders

were collected and stored in ethanol, while sources were collected and lyopholized for long-term storage at room temperature.

Small mammal specimens were collected in fall of 1990 and summer 2021 along standardized traplines near Fairbanks, Alaska (Fig
S1). Spiders were sampled from 1.5 m diameter experimental mesocosms (warmed, ambient) in July 2013.

Previously published data on sources (e.g., plants, fungi) were excluded if they were cultivars, only field collected specimens were
used in analyses.

Experimental mesocosms were replicated across 3 summers (Koltz et al. 2018, Koltz et al. 2020, see Methods). All isotopic analyses
were run in duplicate, and all statistical approaches are available in archived R code.

Samples were allocated into groups based on taxonomy (species [mammals], sources [plant, bacteria, fungi]), year collected (1990,
2021), and experimental treatment (warmed, ambient).

Blinding was not applied as it did not involve participants.
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Field work, collection and transport

Field conditions The Fairbanks study area is in interior Alaska and characterized by cold winters and warm, relatively dry summers. There are drastic
fluctuation in day length across seasons (> 21 hours on June 21 and < 3 hours on December 21). Mean annual temperatures in the
area average between -2 and -5 °C. July temperatures average 16.3 °C, whereas in January the average is -23.5 °C. Annual
precipitation is 250 to 500 mm, with ~35% falling between October and April as snow. Snow covers the ground from mid-October
until mid- to late April, and maximum accumulation averages 75 to100 cm. Soil temperatures are consistently low and soils are
uniformly immature and range from cold poorly drained soils with shallow permafrost to warm well-drained soils in the uplands that
support mature white spruce communities. Vegetation is taiga forest and consists of a mosaic of forest, grassland, shrubs, bogs, and
alpine tundra.

The Toolik Lake Study area is located in the northern foothills of Alaska’s Brooks Range and the climate is characterized by long, cold
winters; short, cool summers; and extreme seasonal variation. Toolik Lake has an average mean temperature of -9°C (16°F) and it
receives a mean annual precipitation of 316 mm (12.4 in). Winter temperatures can reach -40°C or lower, and summer is the only
time of year where average temperatures exceed 0°C (32°F). Soils in the Arctic tundra include discontinuous permafrost and
vegetation is mainly shrubs and herbaceous flowering plants, including willows (Salix spp.), blueberry (Vaccinium uliginosum), and
dwarf birch (Betula nana).

Location Small mammals were collected near Fairbanks, AK and spiders in Toolik, Lake AK. Exact coordinates included in archived data at
doi:10.6084/m39.figshare.22975145

Access & import/export  All samples and specimens were acquired from previously published research or museum archives and accession was provided by A.
Koltz, University of Alaska Museum of the North, and UNM Museum of Southwestern Biology.

Disturbance The study did not cause any obvious disturbance to selected sites

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging
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Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals No laboratory animals were used.

Wild animals All animals were acquired from museum archives or previously published experiments and associated metadata is included in
archived data at doi:10.6084/m9.figshare.22975145.

Reporting on sex Sex of organisms/specimens was not always known, thereby precluding sex-based comparisons. Data on age and sex are included in
archived data at doi:10.6084/m9.figshare.22975145

Field-collected samples  Samples were collected in the field as described in Methods and all associated metadata is archived at doi:10.6084/
m9.figshare.22975145

Ethics oversight No ethical approval was required for this study because all vertebrate specimens were acquired from archived museum specimens.
Sampling of organisms by UAM and MSB nevertheless adhered to the ethical guidelines outlined by the American Society of
Mammalogists.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Plants

Seed stocks No seed stocks were used.

Novel plant genotypes  No plant genotypes were assessed.

Authentication N/A
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