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Rapid warmingin the Arctic threatens to amplify climate change by releasing
the region’s vast stocks of soil carbon to the atmosphere. Increased nutrient
availability may exacerbate soil carbon losses by stimulating microbial
decomposition or offset them by increasing primary productivity. The
outcome of these competing feedbacks remains unclear. Here we present
results from along-term nutrient addition experiment in northern Alaska,
United States, coupled with a mechanistic isotope-tracing experiment.

We found that soil carbon losses observed during the first 20 years of
fertilization were caused by microbial priming and were completely
reversed in the subsequent 15 years by shrub expansion which promoted an
increasingly efficient carbon-nitrogen economy. Incorporating long-term
stoichiometric responses in Earth system models willimprove predictions of
the magnitude, direction and timing of the Arctic carbon-climate feedback.

Arctic soils alone store twice as much carbon (C) as the entire atmos-
phere'. However, this critical terrestrial C stock is increasingly vul-
nerable as high-latitude ecosystems continue warming much faster
(up to four times more) than the global average”. As temperature con-
straints on biological processes lessen?, soil organic C (SOC) losses
fromaccelerated microbial decomposition may outpace C gains from
enhanced plant productivity, driving considerable net C losses to the
atmosphere*”. The direction and magnitude of changes in the Arctic
C cycle also hinge on complex biological responses to shifts in ele-
ment concentrations®. Carbon cyclingin Arctic soils and vegetation is
strongly nitrogen (N) limited®'°, which can constrain rates of primary
productivity (C inputs) and microbial decomposition (SOC losses)™ ™.
Interactions among these processes could induce positive priming,
where new plantinputs fuel microbial processing of soil organic matter
(SOM) to acquire N, reducing SOC storage even further®**¢, Alterna-
tively, as plant communities shift from graminoid- to shrub-dominated
tundra”, associated changes in nutrient availability could boost the

efficiency of microbial metabolism and SOC accrual®. The degree to

which changes in plant community composition and N availability
influence SOC storage will therefore depend on how shiftsin the quan-
tity and quality of plant litter inputs and root exudates'** influence
microbial metabolic efficiency'®. Because graminoids and shrubs differ
intheir N acquisition strategies, phenological traits and mycorrhizal
association” >, shrub expansion could modulate C-climate feedbacks.

Given complex interactions across the plant-soil-microbe con-
tinuum, it is challenging to constrain modelled projections of the
Arctic Cbalance. Models consistently predictincreasesinnet primary
productivity (NPP) due to warming but the effects on SOC, which is a
much larger and more persistent C pool, range from substantial losses
to substantial gains**°, Uncertainty may arise frominaccurately rep-
resenting SOC dynamics, as model representation of SOC responses to
climate change often conflict with our emerging understanding of SOC
formation and persistence”. Long-term field experiments and obser-
vations that capture coupled C-nutrient dynamics and ecosystem
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Fig.1| Transient effect of fertilization on soil Cand N stocks. a,b, Soil C (a) and
N (b) stock comparisons after 20 yr (ref. 7) and 35 yr of continuous fertilization.
Soil organic and mineral stocks exclude roots. Bars represent block means + s.e.
(n =4); significant differences between treatments shown in Fig. 2. Please note
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that greater thawed thickness accounted for deeper sampling of mineral soil
layers in the 35th year compared to the 20th year (by ~4 cmin controland -6 cmin
fertilized plots).

structural changes are therefore critical to evaluate model perfor-
mance and improve model projections®.

Here, we present datafroma35 yrfertilization experiment in moist
acidictundra (MAT)* at the Arctic Long-Term Ecological Researchssite
near Toolik Lake, Alaska, United States (68°38’N, 149° 34’ W). Estab-
lished in1981, the field experiment was originally designed to test the
response of Arctic tundra vegetation to chronic press disturbances
(for example, N and P fertilization, passive warming, changes in light
availability)®’. We resampled experimental plots (split-block design
consisting of 5 x 20 m*fertilized and unfertilized plots in four replicate
blocks with1 m buffer strips) which were continuously fertilized since
1981(10 gNand 5 gP m2yr™). After 20 years (see results fromref. 7) and
35 years (this study) of fertilization, C and N stocks within the seasonally
thawed active layer were quantified for the following pools: litter (leaf
andwood), roots, upper organic soil layer (0-5 cm), lower organic soil
layer (>5 cm) and mineral soil layer (-17-27 cm; Methods). It was previ-
ously found that 20 years of fertilization dramatically altered plant
species composition and reduced SOC stocks by nearly 2,000 gC m™
(-20% of total active layer SOC), despite nearly doubling aboveground
productivity’. These initial results supported along-held paradigm that
the Arctic willbecome a net C source under future climate scenarios’.
Weresampled the same plots15 years later to: (1) evaluate whether the
trajectory of long-term SOC loss changed between the 20th and 35th
years of experimental fertilization; and (2) systematically explore how
the observed transition from graminoid- to shrub-dominated tundra®
influenced microbial metabolism, SOM chemistry and SOC stocks'®.

Long-term experiment reveals new soil C
trajectories

Countering previous findings, we show that the SOC trajectory changed
from loss to gain between the 20th and 35th years of experimental

fertilization. Within this 15 yr period, SOC stocks in fertilized plots
recoveredto, oreven exceeded, thosein control plots (Fig. 1a). Although
the first 20 years of fertilization reduced C and N stocks in the lower
organic and mineral soil layers, this effect disappeared after 35 years
inthe mineral layer and reversed in the lower organic layer, where SOC
and N stocks were on average twice as high as control stocks (P < 0.05,
Fig.1). Consistent with findings after 20 years, experimental fertiliza-
tionincreased SOC and N stocks inthe litter layer (P < 0.01) and upper
organic (P< 0.01) soil layers (Fig. 1) but increases within these pools
were often greater after 35 years (Fig. 2). Our findings underscore the
potential for complex feedbacks to emerge across decades that pro-
duce nonlinear responses and potential state changes among ecosys-
tem components®~°,

Weather and climate factors alone cannot explain these unex-
pected and transient SOC dynamics. In the 35th year of fertilization,
we detected no change in total thaw layer thickness between control
(27.1+2.35 cm) and fertilized (25.4 + 1.1 cm) plots (Supplementary
Table 1), suggesting that increases in SOC stocks were not driven by
deeper thaw depth due to fertilizer treatment alone. While the bulk
density of organic soil layers was significantly higher in fertilized than
incontrol plotsinboththe 20th and 35thyear of experimentation (Sup-
plementary Table 1), we observed no fertilizer effect on mineral layer
bulk density in either year (0.66 g cm~in the 20th year of experimenta-
tionand 1.2 g cm~in the 35th year of experimentation). The apparent
change in mineral layer bulk density between years was due entirely
to the greater thawed thickness of the mineral layer in the 35th year
of experimentation (by -4 cmin control and -6 cminfertilized plots).
Reflecting general trends in soil properties with depth®-*, thethicker
mineral layer in the 35th year of experimentation had a lower SOC
concentration and higher bulk density than the shallower mineral layer
sampled 15 years before. While changes in bulk density with ongoing
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Fig.2|Fertilization effect size on soil Cand N stocks. Log response ratios of
litter, root and soil C and N stocks (g m™) after 20 and 35 yr of fertilization. a,b,
Belowground C (a) and N (b) stocks include roots, litter (wood, leaf and loose)
and soil (excluding roots), where values represent the mean (n = 4) and standard
error of the natural log ratio of fertilized versus control stocks. Ratios >0 indicate

that stocks were greater in fertilized plots than in control plots and vice versa for
ratios <0 (shaded). Accordingly, asterisks denote results of two-sided Tukey's
HSD tests between field treatments (fertilized versus control) within each
sampling year (for example, 20th or 35th year of experimentation), adjusted for
multiple comparisons; *P < 0.05,**P< 0.01 or **P < 0.001.

permafrost degradation are understudied, bulk density canbe sensitive
to changes in environmental conditions® and should be monitored to
accurately predict changes in Arctic SOC storage under novel climate™.
Nevertheless, even after accounting for long-term changes in soil prop-
erties (for example, bulk density, pH and soil moisture content), the
significant netloss of SOC observed after 20 years of experimentation
isno longer apparent after 35 years (Fig. 2). These trends can only be
driven by net SOC accrual in fertilized plots, as SOC stocks in control
plots did not change. As we observed no evidence of recent cryotur-
bation, physical mechanisms alone cannot fully explain the observed
change of directionin SOC dynamics (that s, from SOC loss to net SOC
accrual, Fig. 2), leading us to examine changes in biological function.

Fertilization-induced changesin plant
community composition

Fertilization significantly reduced plant community diversity, result-
ing in almost complete replacement of the dominant moss, grami-
noid and evergreen species (Eriophorum vaginatum, Sphagnum spp.,
Hylocomium splendens, Vaccinium vitis-idaea and Rhododendron
tomentosum)* by deciduous shrubs (Betula nana, 90% cover)**. Wide-
spread increases in deciduous shrub abundance have been observed
across high-latitude systems'*>*¢, including within our control plots
(for example, the relative abundance of B. nana biomass gradually
increased from ~25% to ~32% between the 20th and 35th year of ferti-
lization, G.R.S. unpublished data). In fertilized plots, B. nana biomass
increased by 43% (667 + 143 to 955 + 170 g m™2), E. vaginatum biomass
declined by 21% (121 +17 to 95 + 38 g m2) and total NPP(includingabove
and belowground production) inputs were ~11,000 gC m 2 between
2000and2015. During this same period, average NPP inputsin control
plots were ~9,000 gC m™and we observed minimal change in SOC
(+943 +1,520 g m) and soil N (+36 + 67 gN m) (Fig.1; Methods). These
trends suggest that current rates of shrub expansion create a tightly
coupled C-N economy, building up SOC through a positive feedback
loop (for example, on average, 64% of NPPis retainedin fertilized plots

versus -10% in control plots). Similar patterns have been observed in
low Arctic systems following shrub expansion (fGlEXamMplcISaINSIo
COEDISOIRENED (ref.37). Within control plots, increases insoil N could
be caused via four potential mechanisms: greater permafrost thaw
depths (whichwe did not observe), atmospheric N deposition, N fixa-
tion (trends did not change between1984 and 2016)°* or SOM turnover.
Upper estimates on atmospheric N deposition (0.2-0.3 gN m2yr™) (ref.
39) and N fixation (0.08-0.13 gN m2yr™) (ref. 40) can account for up
t020% of the observedincrease insoil N (36 gN per m?in 15 years), sug-
gesting increases in SOM turnover (for example, via changes in plant
inputs or microbial decomposition) as the predominant mechanism.

Shrub expansionis facilitated by phenotypic plasticity and other
physiological traits that allow them to outcompete other species
under warmer temperatures* and greater N availability”***2. The loss
of graminoids from the fertilized plots, in particular, reduced inputs
of polysaccharide-rich, high C:N leaf litter (-48 for E. vaginatum) and
increased inputs of structurally complex, low C:N B. nana leaf litter
(-27) (ref. 43) (Supplementary Figs.1and 2 and Supplementary Table 4).
Shiftsinlitter input quality (Supplementary Fig. 2c and Supplementary
Table 3) cascaded belowground (Supplementary Table 3), increasing
therelative abundance of alkyl aromatic and amide moieties and reduc-
ing the relative abundance of carbohydrates (Supplementary Figs. 1
and 2a,b) and soil C:N (Table 1). During this same period, total root
biomass Cstocks declined by 30% (P < 0.01, Fig. 2) and root distribution
shifted upwardsinto surface soil layers. These findings are consistent
with the expectation that plants allocate proportionally less biomass
belowground as nutrient availability increases®**** and with the tran-
sition from annual, deeply rooted E. vaginatum and other graminoids
to the longer-lived, shallow roots of B. nana*®. Furthermore, declines
in graminoid root mass and presumably dead root accumulation, at
depth accounted for up to 40% of the SOC lost in the first 20 years of
fertilization*®. While the slower turnover®” and decomposition rates"
of B.nanaroots could lead to belowground C gains as plant communi-
ties shift towards shrub dominance, root C stocks account for only a
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Table 1| Soil biogeochemical attributes in laboratory incubation and field experiment

Data source Soil layer Field treatment Laboratory MB-C(ugper MB-N(ugperg DOC(ugperg TDN(ugperg SoilC:N
treatment g of soil) of soil) of soil) of soil)
Control - 4,881.62 489.98 880.89 5613 2753
Organic (212.48)" (40.44y" (68.53)" (913)%° (2.59)*
(0-5cm) Fertilized 2,060.64 452.26 646.63 634.79 201
(213.87)4 (52.33)* (129.14)%8 (159.27 (1.52)8
Control - 2,878.05 359.54 649.81 60.51 28.40
eld - Organic (599.83)" (87.06)* (53.69)® (7.08)%° (1.25)*
ield experimen
(>5cm) Fertilized 1159.35 220,05 47413 194.84 26.64
(244.81)* (37.57)%¢ (42.26)5¢ (22.52)"8 (1.63)"®
Control - 230.29 222.69 123.41 15.60 21.66
l (105.70)8 (9.32)° (19.63)¢ (2.45)° (0.41)"8
Minera
Fertilized 116.16 10.76 206.48 17.21 2013
(56.69)° (5.55)° (126.69)° (99.04)%¢ (0.59)°
SL *kk *kk *kk *kk *kk
FT * ok o
SLxFT
Control 2,959.22 377.20 917.45 34.49 34.33
(200.78)*8 (3013)"eCP (74.49)° (2.14)° (0.63)8°
Organic Unfertilized C 2,988.77 343.23 790.15 29.87 36.96
9 B. nana (287.84)"® (35.15)5¢P (61.93)%¢ (1.37)° (1.43)8¢
C+N 3,483.45 942.02 1,225.69 110515 31.24
(255.43)"8 (241.38)*8 (82.45) (7917 (0.61)°
Control 2,295.68 259.82 541.50 26.75 61.25
(231.46)° (20.62)° (39.00)<° (2.53)° (3717
Organic Unfertilized C 2,674.49 280.08 455.74 16.97 65.39
9 E. vaginatum (361.79)® (28.78)°° (55.95)° (218)° (8.09"
C+N 3,253.70 951.25 613.51 833.41 43.78
N . (185.82)8 (207.67)* (30.90)° (89.04)® (0.99)8
Laboratory incubation
Control 4,04.81 692.36 705.50 70.93 44.35
(248.59) (123.19)"€¢ (39.55)8¢P (51.97)° (2.43)°
Organic Unfertilized C 3,744.79 480.79 568.45 86.61 3714
9 mixture (17767 (51.07)"8® (54.50)° (54.56)° (2.66)%
C+N 3,340.00 580.58 820.70 392.81 32.66
(343.39)* (86.55)"8CP (96.79)%¢ (85.09)%¢ (2.92)%¢
Control 1,254.86 311.30 525.28 863.43 19.92
(438.01)° (86.57)B° (28.38)° (238.72)"® (1.20)°
Organic Fertilized C 1,626.35 282.78 512.55 874.55 20.61
9 B. nana (214.81)° (68.79)° (26.88)°° (252.50)"8 (110)°
C+N 1,09117 381.24 515.91 1,294.56 20.35
(466.91)° (120.10)"EcP (16.34)°° @417 (0.58)°
FT *kk *k *kk *kk *kk
LT *k *kk *kk *kk
FTxLT * * ok *

Measurements after 35-yr-fertilized field plots (upper) and 25d laboratory incubation. Values from field experiment represent block averages (+s.e.; n=4). Soil measurements include MB-C,
MB-N, DOC, TDN and soil C:N. Soil nutrient and MB extracts were performed with 0.05M K,SO, for laboratory incubation soils, as opposed to 0.5M K,SO, used for field experiment soils
because of the requirements of a weaker salt solution needed for isotopic analysis. Values represent the mean (+s.e.) from laboratory treatment additions of water (control), *C-glucose (C) and
3C-glucose and NH,NO, (C+N) to non-fertilized soils underlying B. nana (n=5), E. vaginatum (n=5), a non-specific (mixture) of vegetation (n=4) and 35-yr-fertilization soils underlying B. nana
(n=3). Treatment means that share the same letter (A-D) are not statistically different from each other. The level of significance from the two-way ANOVA model including soil layer (SL) and
field treatment (FT) or laboratory treatment (LT) and their interaction (SLxFT or FTxLT) is reported as *P<0.05, **P<0.01 or ***P<0.001.

small fraction of total belowground C (3% in fertilized plots and 6% in
control plots) (Fig. 1) and cannot explain the substantial SOC accrual
observed between the 20th and 35th year.

Laboratory experiments elucidate drivers of soil
Cdynamics

To reconcile the shift in plant community composition with micro-
bial drivers of SOC cycling, we used a ®C isotope-tracing laboratory
experiment to characterize microbial C use efficiency (CUE)*® and
the susceptibility of SOC stocks to priming (Methods). We collected

organic layer soils from previously unfertilized control plots beneath
individual shrub (B. nana) and graminoid tussock (E. vaginatum) plants
and within the inter-tussock zone (mixed plant community, with rep-
resentative MAT species™). We also sampled soils in long-term ferti-
lized plots, which were dominated by B. nana shrubs for >20 years.
For each soil type we simulated fresh plant inputs by adding 10 mgC
(-700 pgC per g of dry soil, 0.2% of total soil C) of 10 at% *C-glucose
C and matched experimental fertilization rates by adding 8.75 mgN
(-645 pgN per g of soil, 6% of total soil N) as ammonium nitrate. We
selected alow C amendment rate to minimize impacts to ongoing

Nature Climate Change


http://www.nature.com/natureclimatechange

Article

https://doi.org/10.1038/s41558-024-02147-3

Control Fertilized
i ; Laboratory
Mixture E. vaginatum B. nana B. nana treatment
@ Glucose-derived CO, *;* . g+Nl
o Conly
0.25 - i ¢ 3 Control
0.20 | ] ! ¢ §! ¢ &
s ¢ % §¢e X 8
~ . . * ) § § i §
2 0.15 A 50 3 3 § % §
K «0? %
S o | @ 3 ]
5 8
Q %
O 0.05 4 s []
E : s : s
s 9
©
=}
3 b som-derived co,
2 35
g\l *%
3 30 ’
[
2 25 %
: %
3
E 201 . %
o % .
1.5
§ . 3 § i
1.0 1 § . 3 5
0s| ° : s8¢
8 H s [
0 0’ y 09 o
0O 5 10 15 20 25 0O 5 10 15 20 25 O 5 10 15 20 25 O 5 10 15 20 25

Time (d)

Fig.3|Influence of vegetation and fertilization on microbial substrate use.
a,b, Cumulative respiration (mgC per g of soil) derived from glucose (a) and SOM
(b) from control soils underlying a non-specific (mixture) of vegetation (n = 4),
E.vaginatum (n=5), B. nana (n = 5) and 35-yr-fertilization soils underlying B. nana
(n=3).Treatment additions of glucose C alone (C only, open circles), glucose C

and ammonium nitrate (C + N, closed circles) and water (control, diamonds).
Points represent means + s.e. Asterisks denote results of two-sided Tukey's HSD
tests of the cumulative flux between treatment additions within each vegetation
type, adjusted for multiple comparisons; *P < 0.05, **P < 0.01 or **P < 0.001.

metabolic processes*’, which we substantiated in our previous field
BC-tracer experiment’®. While Arctic microbial communities may be
co-limited by Nand P (ref. 50), pools of exchangeable and easily weath-
erable P are typically lower in surface permafrost than are seasonally
thawed layers; permafrost thaw would have toincrease by >10 cmat our
field site before weathering sufficiently increased plant and microbial
accesstoendogenous P (ref. 51). We therefore focus on N availability as
aprimary driver of observed SOC trajectories. We quantified microbial
use of easily assimilable C (**C-enriched glucose) versus native SOC by
measuring ®C-CO, efflux over 25 days and applying mass balance and
two-pool mixing models (Methods). We predicted that new C inputs
would stimulate theloss of native SOC across all treatments but that we
would observe the greatest priming effects in the most N-limited soils
(previously unfertilized graminoid soils'®; Supplementary Table 4).
Onthebasis of our laboratory incubation results, vegetation com-
position (shrub, graminoid and mixed community) and soil nutrient
status influenced the amount and source (glucose versus native) of C
lost viamicrobial respiration. Inthelaboratory experiment,addingNto
previously unfertilized shrub or mixed community soils did not affect
Cpoolsandfluxes(Fig. 3, Supplementary Fig. 3 and Table 2). However,
addingNto previously unfertilized, nutrient-deficient graminoid soils,
strongly altered C cycling, mimicking trends observed during the first
20 years of field fertilization. Specifically, we found that amending
unfertilized graminoid soils with N increased microbial respiration
of glucose (P < 0.0001, Fig. 3a) and native SOC (P < 0.001, Fig. 3b) and
decreased the formation of new SOC (Table 2, P< 0.05). Dual Cand N
additions to these graminoid soils also induced a significant positive
priming effect, enhancing the loss of native SOC by 73% (Fig. 3). Micro-
bialbiomass N (MB-N) increased (P < 0.01) without changing microbial

biomass C (MB-C) or the CUE of added glucose (Table 2). Overall, we
observed SOC priming only in the most N-limited graminoid soils and
only when exogenous N was added.

We observed no priming response insoils that had been fertilized
for 35 years. Instead, long-term fertilization reduced SOM-derived
respiration relative to all previously unfertilized soils (P < 0.0001,
Fig. 3b). Water-only control respiration in long-term fertilization
plots was 60%, 43% and 75% lower than previously unfertilized grami-
noid, mixed community and shrub soils, respectively. Relative to
previously unfertilized shrub soils, long-term fertilization reduced
MB-C by 57% and soil dissolved organic C (DOC) concentrations by
43% (Table 1, water-only control). Although microbial communities
inhabiting long-term fertilization plots had lower SOM respiration
and biomass, they respired proportionately more glucose-derived C
when it was available (P < 0.0001, Fig. 3), suggesting that they were C
limited. Microbial use of new C inputs in shrub-conditioned soils did
notinduce a positive priming effect, stimulate investment in biomass
production or destabilize existing SOC stocks. Qurresults suggest that
greater Navailability reduced shrub reliance on microbial communities
for nutrient provisioning®and the input of structurally complex shrub
litter reduced access to easily assimilable C sources, slowing microbial
activity and rates of SOC loss.

Stoichiometric linkages regulate net ecosystem
Cbalance

Here, we highlight how shifts in plant community composition govern
microbial energy and nutrient demand®, ultimately structuring rates of
SOC turnover and accumulation. We have previously shown that micro-
bial respiration and belowground retention of low-molecular-weight C
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Table 2 | Measurements after 25d laboratory incubation from control and fertilized organic soils sampled underneath

different vegetation types

Field treatment Laboratory '*°MB-C(ugpergofsoil) "“°DOC(ugperg ™°Soil(ug pergofsoil) '*°CO,(mgper g of CUE® CSE®
treatment of soil) soil)

Unfertilized C 147.81+11.87% 0.87+013" 343.26+52.44° 205.02+10.838¢ 0.42+0.03* 0.61+0.05°

B. nana C+N 97.68+6.315¢ 111£0.19* 416.73+60.525¢ 233.88+9.30"® 0.34+0.04* 0.63+0.04°

Unfertilized C 75.33+15.565¢ 0.46+0.08°% 655.37+54.76" 165.19+10.77° 0.30+0.05* 0.80+0.02"

E. vaginatum C+N 129.80+10.32"¢ 0.43+0.03° 388.49+45.755¢ 26319+8.97* 0.33+0.02% 0.59+0.03®

Unfertilized (¢] 111.33+32.61°% 0.31+0.10°8 434.85+27.38%8¢ 154.35+5.55F 0.39+0.08* 0.74+0.01"®

Mixture C+N 122.12+13.95%8¢ 0.57+0.16° 326.87+59.67° 186.54+5.60°°¢ 0.39+0.03" 0.62+0.048

Fertilized (@ 79.26+2.46%¢ 0.85+0.02" 610.75+12.91"® 197.54+9.688°P¢ 0.29+0.02% 0.76+0.01"®

B. nana C+N 53.03+4.86° 114+0.23% 387.14+49.265%¢ 203.81+4.875P 0.29+0.10% 0.65+0.02"®

FT *k *kk *k *kk

LT *%k *kk *k

FT X LT *% *% *% *

Values represent the mean+s.e. from laboratory treatment additions of *C-glucose (C) and *C-glucose and NH,NO, (C+N) to non-fertilized soils underlying B. nana (n=5), E. vaginatum (n=5),
a non-specific (mixture) of vegetation (n=4) and 35-yr-fertilization soils underlying B. nana (n=3). Treatment means that share the same letter (A-D) are not statistically different from each other.
'3C pools of MB-C, DOC, soil and cumulative respiration (CO,) are shown. The level of significance from the two-way ANOVA model including FT, LT and their interaction (FTxLT) is reported as

*P<0.05, **P<0.01 or ***P<0.001. *Microbial CUE. °CSE, proportion of °*C added.

inputs differ between shrub and graminoid soils® but the longer-term
effects of enhanced soil nutrient availability on the ecosystem C balance
remained unclear. Complementing 35 years of field nutrient manipula-
tionswith Cand Namendmentsin the laboratory enabled us to distin-
guish short-from long-term fertilization effects on microbial CUE and
SOC priming and to extrapolate how the strength of stoichiometric
linkages among ecosystem components influenced the timing and mag-
nitude of SOCloss and recovery. We suggest that initially (0-20 years of
experimentation), when annual litter productionincluded a significant
portion of high C:N and polysaccharide-rich graminoid litter (Supple-
mentary Figs.1and 2), elevated soil C:N valuesled to severe N limitation
forboth plants and microbial decomposers, particularly in the biologi-
cally active surface soil (Supplementary Table 3). Nutrient addition to
severely N-limited soils allowed microbial communities to invest in
enzyme synthesis®>**inducing a positive priming cascade that resulted
in dramatic, albeit short-term, SOC loss. Over time (20-35 years of
experimentation), increases in shrub expansion (facilitated by soil
nutrient availability) and the delivery of lower C:N and structurally
complex litter inputs belowground alleviated microbial N constraints
but intensified labile C limitation (Supplementary Table 3). As shrub
inputs reduced microbial decomposition, SOC formation began to
exceed SOC loss, gradually rebuilding SOC stocks.

By merging long-term observational data with mechanistic experi-
mentation, we demonstrate how net ecosystem Cbalance shifts during
astrong press disturbance (chronic fertilization). While the fertiliza-
tion rate used at the Toolik Lake Long-Term Ecological Research site
(+10 gN m™2yr™) is far higher than the Arctic will experience under
ambient climate change (approximately +2.4 gN m2yr™in control
plots), the combined pressures of atmospheric deposition, nutrient
release from thawing permafrost and warming-induced mineralization
necessitates a long-term and mechanistic understanding of tundra
resilience to nutrient enrichment. By experimentally accelerating
shrub expansion and alleviating ecosystem nutrient constraints we
identified three key mechanisms underlying Arctic SOC storage. First)
using one of the longest running ecosystem manipulation experi-
ments, we found that SOC losses were ephemeral and depend on shifts
in aboveground plant community composition that drive changes
in belowground nutrient cycling. Second, we present experimental
and observational evidence suggesting that positive priming cas-
cades do not persist long-term, challenging previous findings and a
fundamental tenet of next-generation soil C models'. Furthermore,
our experimental data highlight the need for land surface models
to adopt more detailed vegetation trait dynamics and their impacts
on ecosystem productivity. Third, we show that SOC responses to

press nutrient disturbance depend on stoichiometric constraints and
interactions among ecosystem components. As a result, changes in
SOC storage cannot be predicted simply by applying a temperature
sensitivity factor to active layer SOC decomposition rates®> . Deter-
mining whether the short- to long-term mechanistic feedbacks dem-
onstrated in our study are themselves broadly predictable represents
amajor unmet challenge for experimental and observational studies
and highlights the importance of testing ecological theory at longer
timescales®>*** and across diverse regions®. For instance, although
widespread increases in shrub abundance and productivity across
the Arctic*® may generate similar interactive effects among plants,
microorganisms and soil biogeochemical cycles, shiftsin the SOC bal-
ance could differ on the basis of site-specific conditions (for example,
differencesininitial C/N/P limitation, vegetation cover, N deposition,
cryoturbation, hydrology, microbial community composition and so
on). Constraining the effect of fine-scale mechanisms on the SOC bal-
ance is therefore critical for predicting the magnitude and direction
of the Arctic C-climate feedback.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability areavailable at https://doi.org/10.1038/s41558-024-02147-3.
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Methods

Site description and experimental design

In late July 2015, we sampled soils in MAT near Toolik Lake Field Sta-
tion, on the north slope of the Brooks Range in northern Alaska
(68°38’N,149° 34’ W, elevation 760 m). The two dominant species in
the vegetation at this site are B. nana, adwarfbirch, and £. vaginatum,
atussock-forming sedge. The soil in this region is classified as a histic
pergelic cryaquept’. The mean annual temperature is -8 °C, with aver-
ageJanuary temperature near 23 °C and July temperature near 11 °C;
and mean annual precipitation is 316 mm (ref. 61).

In 1981, a fertilization experiment was established at the site
including four replicate blocks of 5 x 20 m? plots?. The randomized
split plot experimental design included one fertilized and one unfer-
tilized control plot (5 x 20 m?) per block. Since then, fertilization plots
have received 10 gN m~2as NH,NO, and 5 gP m™ as superphosphate
(P,0;) each springimmediately following snowmelt.

Soil sampling and analyses

Sampling after 35 years of fertilizer treatment was completedin20150on
the same plots using the same random sampling methods and replica-
tion as in the 20th year of experimentation’. We sampled soils at five
randomly chosen points along a 20 m transect in each 5 x 20 m? plot
(two treatments x five quadrats per block x four replicate blocks = 40
samples). We used aserrated knife to cut out and remove soil monoliths,
which wereimmediately transferred to the laboratory for further sub-
sampling. The first subsample was further separated into litter, upper
organic (0-5cm), lower organic (>5 cm) and mineral (down to thaw
depth) soil layers and used for analysis of bulk C and N content. The
second subsample, divided into the same upper organic, lower organic
and mineral layers, was used to determine bulk density after subtract-
ing rock, root and stem volume and mass from soil volume and mass.

In addition to these randomly distributed samples (which were
topped by amoist tussock tundra vegetationincluding sedge tussocks,
mosses and evergreen and deciduous shrubs®*), we also collected
organic soils beneath several individual B. nana and E. vaginatum
plantsdirectly adjacent to control plots to minimize disturbance inside
the historic plots. To ensure we collected E. vaginatum-conditioned
soils alone, we carefully removed all dead plant material from the soil
surface and excluded all aerial portions of the tussock. Soil samples
were homogenized and composited according to their respective
aboveground plant functional type (tussock graminoid versus woody
deciduous shrub) before analysis.

Soil monoliths were separated by soil layer into additional sub-
samples for microbial biomass and extractable C and N (fresh soil),
laboratory incubation (soil stored at —20 °C) and C and N stocks (dried
at 60 °C). As in previous harvests of this experiment”*>**, plant mate-
rials including litter, roots, belowground stems and rhizomes were
hand-picked fromindividual quadrat samples and composited by block
(n=4).Soil samples were kept separated by quadrat for all analyses,
exceptthelaboratoryincubation where we used composited samples.
Plant and soil samples were dried at 60 °C and weighed, ground to a
fine powder and analysed for Cand N contentona Carlo ErbaNA 1500
elemental analyser (CE Instruments).

Microbial biomass and extractable C and N were measured on
fresh soil following a modified®* chloroform fumigation-extraction
method®. To extract microbial biomass, we evenly distributed 4 ml of
ethanol-free chloroform over 10 g of fresh soil subsamples and incu-
bated them for 24 hwithastoppered 250 ml Erlenmeyer flask. Follow-
ingincubation, we vented the chloroform samples under afume hood
for30 minand extracted unfumigated and fumigated soil subsamples
(10 g) and soil-free blanks with 50 ml of 0.5 M K,SO,. Soil solutions
were agitated on an orbital shaker for 1 h, then filtered through no.
1Whatman paper and analysed for DOC and total dissolved N (TDN)
on aShimadzu TOC-Vcpn total organic C analyser with a total N mod-
ule (Shimadzu Scientific Instruments). DOC/TDN was obtained from

unfumigated soils and extractable microbial biomass was calculated
asthedifference between paired fumigated and unfumigated subsam-
ples.No correctionfactors (k.c, k.n) were applied, asthey have not been
determined for these soils®>. We measured extractable ammonium,
nitrate and phosphate on unfumigated extracts using colorimetric
microplate assays®* .

Isotope-tracing experiment

Homogenized, root-free, field-moist soil (50 g) samples from field plots
(long-term fertilized and long-term control) and unfertilized soils col-
lected adjacent to control blocks from underneath B. nana or E. vagina-
tum plants were splitinto glass Mason jars which received one of three
laboratory treatments: (1) water-only control, (2) *C-enriched glucose
or (3) ®C-enriched glucose + NH,NO, solution. Before treatment addi-
tion, soils were brought to 60% soil moisture, measured as gravimetric
water content. We incubated the jars at 10 °C for 1 week to equilibrate
before measurements. Treatment solutions were added dropwise as
a4 mlaqueoussolutionto eachsoiland Cand N mixtures consisted of
700 pgC per g of dry soil (-0.2% of total soil C) of 10 at% *C-glucose C
(acommonroot exudate) and 645 pgN per g of soil (6% of total soil N)
in the form of NH,NO,. We estimated that the amount of Nadded was
six to 12 times greater than microbial demand (assuming N biomass
requirements are 2-4% of the total Crespired, 20-40% of the respired C
was allocated to microbialbiomass C and an average microbial biomass
C:Nof10)™"%, Five replicates per treatment were used for both B. nana
and E. vaginatum soils (N ., = five replicates x three treatments =15
jars; N ., = fivereplicates x three treatments =15 jars). The long-term
fertilization field experimental design (blocks) was used for incuba-
tionreplicationbut one fertilized plot was excluded from analysis due
to low sample size (N .o = 4 replicates x three treatments =12 jars;
Ner. = threereplicates x three treatments = nine jars). Masonjars were
cappedwithanair-tight lid modified with sampling ports used for gas
sampling. We incubated all soils at 10 °C for 25 d, which is within the
10-20 °C range of soil temperatures during the growing season®. We
kept soil moisture constant by measuring the mass of each incubation
jarateverysoil respiration sampling point and adding water as neces-
sary to maintain 60% gravimetric water content.

Soil respiration

We sampled the headspace from all jars for total CO,and ®C-CO, con-
centrations at nine time points after the treatment additions: 3, 6,
24 and 48 hand 5, 8,11, 14 and 25 d. Total CO, concentrations were
measured immediately with a Licor 6252 gas analyser (Licor) and an
additional sample was placed inan evacuated vial for *C-CO, isotopic
analysisona VG Optima GC-IRMS (Isoprime). Licor infrared gas analys-
ers are less sensitive to CO, than to '>CO, (for example, they under-
estimate CO, concentrations by up to 66%). Using this percentage,
we calculated the unbiased CO, concentration accounting for the
undetected *C-CO, at each time point (that is, what would have been
measured if 100% of the *CO, molecules were detected) to correct
cumulative CO, respiration. Because corrected values varied by <5%
from measured values and statistical trends among treatments were
identical, we report the measured values.

Soil analyses

After 25 d, we harvested the soil to determine total soil C,N,DOC, TDN
(organic andinorganic) and microbial biomass Cand N. We measured
BCinbulksoil, dissolved and microbial pools to determine the fate of
BC-glucose. Soil subsamples (2-5 g) were dried at 60 °C, ground to
afine powder and analysed for total C, N and 8"C using a Carlo Erba
NA 1500 elemental analyser (CE Instruments) coupled to a VG Isoch-
rom continuous flow isotope ratio mass spectrometer (Isoprime).
Using fresh soil, we measured microbial biomass and extractable C
and Nusing the method described above, except we used a weaker salt
solution (0.05 MK,SO,) to prevent instrumentation problems during
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isotopic analysis on dried salt extracts. To quantify C derived from
BC-glucose indissolved C and microbial biomass pools, we lyophilized
extractsusingaFreeZone 6 Liter console freeze dry system (Labcono)
and analysed lyophilized subsamples for 6*C using a Carlo Erba NA
1500 elemental analyser (CE Instruments) coupled to a VG Isochrom
continuous flow isotope ratio mass spectrometer (Isoprime).

Changesin soil Cand N across time
Changes in total soil N stocks (including roots) were calculated as:

ANtreatment = ANcontrol + ANfertilizer input + ANunexplained (l)

where

ANgreatment = N1re2015 — N1re2000

ANcontrol = Neurizo1s — New000

Here AN, Captures changesin soil biogeochemistry inthe absence
of exogenous fertilizer input and is estimated using the change in soil
Cand N of control plots across time, and

-2 _ -2
ANfertilizer input = 10 gN m - yr 1x15 yr= 150 gN m

where net change in soil N between 2000 and 2015 is calculated as:

365 gN m?2=36 gN m~2 +150 gN m~2 +x = +179 gN m2

Similarly, changesintotal soil C stocks between2000 and 2015 (includ-
ingroots) were calculated as:

ACtreatment = ACcomrol + ACfertilizer input + ACunexplained (2)

where

ACireatment = Crre2015 — Crre2000

ACcontrol = Ceuri201s — Cerrl2000
-2 _ -2
ACterilizer input = 0gCm ~yr Ix15 yr=0gCm

Net change in soil C between 2000 and 2015 is calculated as:

7,943 gC m~ =943 gC m=2+0 gC m~2 +x = +7,000 gC m~?

Estimates of NPP between 20th and 35th year of
experimentation

We used the average (per treatment) of measured NPP in 2000 and
2015to estimate NPPinputs over 15 yearsinboth control and fertilized
plots. Measured NPP (mean + s.e.) in 20 yr control = 521.31 £ 205.30;
20 yrfertilized = 743.47 £ 89.08; 35 yr control 678.44 + 88.88; and 35 yr
fertilized = 763.17 + 141.51.

Mass balance model
Amassbalance equation was used to determine the §C value of micro-
bial biomass (6"C,yp):

A13CMB = 6lscfum X Cym — 613Cnf X Co/(Crum = Caf)s 3)

where 6%Cy,,, and 62C,; are the §°C values of the fumigated and
non-fumigated samples, respectively, and Cy,,, and C, are the con-
centrations of C in the fumigated and non-fumigated K,SO, samples,
respectively®®.

Mixing model

A two-pool isotopic mixing model®””° was next applied to determine
theincorporation orloss of the *C-glucose in microbial biomass (using
the adjusted §“Cy; value calculated above), soil and CO,:

_ 65—6c

=55 @

fx
wheref,istheamount of glucose Cinthe pool of interest (X, for exam-
ple, MB, soil or CO,), 65 is the 8™C of glucose-amended sample (S), 5.
is the §"C of the water-only control sample (C), , is the 6°C of the
glucose added (g). A positive priming effect (after C and/or N addi-
tions) was defined as greater native soil C respiration than control
(water-only addition)”. We defined microbial CUE as the partitioning
of BC-enriched glucose between growth and respiration’:

CUE = BMB/ ("’ MB +C0;,), )

where ®MB represents ®C-enriched glucose assimilated in micro-
bial biomass (gC per g of soil) and *CO, represents the fraction of
BC-enriched glucose converted to CO, (gC per g of soil). We similarly
define Cstabilization efficiency (CSE) as the partitioning of *C-enriched
glucose between bulk soils (**Cp.oi) and respiration (*CO,):

13
CSE =B Chunsoit/ (- Couksoit + >CO,). )

Isotope recovery efficiencies are reported in Supplementary
Table 2.

Plant and SOM chemistry—py-MBMS

Plant and SOM chemistry was measured with pyrolysis molecular
beam mass spectrometry (py-MBMS)”* using 20-200 mg of soil and
10-50 mg of plant sample. Each individual sample was analysed in
duplicate. Soil samples were oven dried at 60 °C before analysis and
pyrolysed at 550 °C in a reactor consisting of a quartz tube (2.5 cm
inside diameter) with 51 min™ helium flow until the total ion intensity
returned to background levels (-3 min). The quartz reactor was con-
nected to the sampling orifice of the MBMS. An Extrel TM model TQMS
C50 system was used for the analysis of pyrolysis vapours. Residence
time of the vapours was short enough to minimize secondary reactions
in the quartz reactor’*”. Mass spectral data from m/z 20 to 550 were
acquired on a Teknivent Vector 2TM data acquisition system using
22 eV electron impact ionization but only m/z 58-550 were retained
for analysis. Repetitive scans (one 480 a.m.u. scan s™) were recorded
during the evolution of a pyrolysis wave from each soil sample and
then averaged across all scans. For all spectra, a blank spectral signal
was subtracted before data analysis. Compound category summaries
were calculated using published compound categories’.

Plant and SOM chemistry—Fourier-transforminfrared
spectroscopy

Dried and ground plant and soil samples were scanned from 4,000 to
400 cm™indiffuse reflectance mode using a Digilab FTS 7000 infrared
spectrometer (Varian) with a deuterated triglycine sulfate detector, a
KBrbeamsplitter and a Pike AutoDIFF diffuse reflectance autosampler
(Pike Technologies). KBr was used as background. Datawererecorded
as pseudo absorbance (log [1/Reflectance]), with 4 cm™ resolution
and 64 scans co-added per spectrum. Spectral averages and spectral
subtractions were performed using GRAMS Al v.9.1software (Thermo
Fisher). Principal components analysis of the spectral data was per-
formed with the Unscrambler software v.10.4 (CAMO). Spectral data
were mean-centred before the analysis.

Statistics
To determine the effect of long-term field fertilization and vegeta-
tion type on the fate of ®C-glucose, we performed a two-way analysis
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of variance (ANOVA) (JMP 17.0, SAS Institute). The ANOVA included
cumulative C incorporation into all measured pools (for example,
soil, microbial biomass, DOC and respiration) as response variables
with the following factors: field treatment (fertilized and unfertilized),
laboratory treatment (glucose, glucose + NH,NO; and control) and the
two-way interaction of field x laboratory treatment (Table 2). We did
not find asignificant effect of block whenincludingit as arandom effect
inthe model, so we opted to leave it out of the final statistical model.
A similar two-way ANOVA was performed for non-glucose pools. Soil
biogeochemical measurements from long-term experimental plots
(Table 1) were also statistically analysed using a two-way ANOVA with
soil layer, field treatment (fertilized and unfertilized) and their inter-
action. Tukey’s honestly significant differences (HSD) and Student’s
t-test post hoc analysis was used for comparison of the main effects
and their interactions. For all statistical analyses, data were tested for
normality and log transformed if necessary to acquire normal distribu-
tion of residuals.

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

Data availability

Datagenerated during the study canbe found within the NSF Arctic data
centre (https://arcticdata.io/catalog/view/doi:10.18739/A2833N104).
All samples were collected in accordance with relevant permits and
locallaws. Source data are provided with this paper.
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Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender No data collected

Population characteristics No data collected
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Ethics oversight
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Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

In 1981, a fertilization experiment was established at the site, as detailed elsewhere22. Since then, fertilization plots have received
10 g m-2 N as NH4NO3 and 5 g m-2 P as superphosphate (P205) each spring immediately following snowmelt. The split plot
experimental design consists of four replicate blocks, with one fertilized and one unfertilized control plot (5 x 20 m) per block.

After 35 years of fertilization, we sampled soils in five 10 x 40 cm quadrats that were randomly arrayed along a 20 m transect in each
block. Other data used from Mack et al. Ecosystem carbon storage in arctic tundra reduced by long-term nutrient fertilization. Nature
431, 440-443 (2004).

We used a knife to saw and manually remove soil monoliths, which we separated in the field, into litter, upper organic (0-5 cm),
lower organic (> 5 cm), and mineral (down to thaw depth) horizons. In each block, we also sampled two 10 x 10 cm monoliths that
were used to determine bulk density, after subtracting rock, root, stem volume and mass from soil volume and mass. Sampling
strategy was based on previous sampling performed in these plots (Mack et al 2004, Nature) for consistency and adequate
comparison.

M.B.M., L.L., and J.R.M all contributed to field sample collection, led by G.R.S. and L.G. M.B.M, L.L., and S.L.M. performed
measurements from isotope-tracing laboratory incubation. M.N.W. performed measurements of soil nutrients from long-term
experimental plots. F.C. performed FTIR and M.L.H. performed pyMBMS measurements for soil and plant chemistry.

After 35 years of fertilization, we sampled soils in five 10 x 40 cm quadrats that were randomly arrayed along a 20 m transect in each
block. We used a knife to saw and manually remove soil monoliths, which we separated in the field, into litter, upper organic (0-5
cm), lower organic (> 5 cm), and mineral (down to thaw depth) horizons. In each block, we also sampled two 10 x 10 cm monoliths
that were used to determine bulk density, after subtracting rock, root, stem volume and mass from soil volume and mass.

The long-term fertilization field experimental design (blocks) was used for incubation replication, but one fertilized plot was excluded
from analysis due to low sample size (NControl = 12, NFert = 9).

We sampled soils in experimental plots with the same method used previously (see Mack et al 2004, Nature) to assure adequate
comparison of findings.

Soil samples were taken at random locations within each experimental plot before composited. Composited samples were analyzed
for soil carbon and nitrogen stocks.

Blinding was not relevant to this study

Did the study involve field work? |z| Yes |:| No
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Field work, collection and transport

Field conditions In late July 2015, we sampled soils in moist acidic tundra near Toolik Lake Field Station, on the north slope of the Brooks Range in
northern Alaska (68°38" N, 149°34" W, elevation 760 m). The two dominant vegetation types characterizing this site are Betula nana,
a dwarf birch, and Eriophorum vaginatum, a tussock forming sedge. The soil in this region is classified as a histic pergelic cryaquept.
The mean annual temperature is -8 °C, with average January temperature near -23 °C and July temperature near 11 °C
(Supplementary Fig. 4); mean annual precipitation is 316 mm.

Location Toolik Lake Field Station, on the north slope of the Brooks Range in northern Alaska (68°38’ N, 149°34’ W, elevation 760 m)
Access & import/export  Sampling permits issued by the BLM and permission granted by the Toolik Lake Arctic LTER to sample long-term experimental plots.

Disturbance Core sampling and disturbance area was flagged and documented, records of disturbance and samples stored within the Arctic LTER.
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