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Alaskan carbon-climate feedbacks will be weaker
than inferred from short-term experiments
Nicholas J. Bouskill 1✉, William J. Riley 1, Qing Zhu 1, Zelalem A. Mekonnen 1 & Robert F. Grant 2

Climate warming is occurring fastest at high latitudes. Based on short-term field experiments,

this warming is projected to stimulate soil organic matter decomposition, and promote a

positive feedback to climate change. We show here that the tightly coupled, nonlinear nature

of high-latitude ecosystems implies that short-term (<10 year) warming experiments produce

emergent ecosystem carbon stock temperature sensitivities inconsistent with emergent

multi-decadal responses. We first demonstrate that a well-tested mechanistic ecosystem

model accurately represents observed carbon cycle and active layer depth responses to

short-term summer warming in four diverse Alaskan sites. We then show that short-term

warming manipulations do not capture the non-linear, long-term dynamics of vegetation, and

thereby soil organic matter, that occur in response to thermal, hydrological, and nutrient

transformations belowground. Our results demonstrate significant spatial heterogeneity in

multi-decadal Arctic carbon cycle trajectories and argue for more mechanistic models to

improve predictive capabilities.
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Land carbon-climate feedbacks represent significant uncer-
tainty in predicting atmospheric carbon concentrations
under a changing climate1. Permafrost soils contain more

carbon between 0 and 3m depth2,3 (1035 ± 150 PgC) than in the
current atmosphere. These soils are warming at twice the global
average (0.6 °C per decade)4, and empirical observations and
model predictions indicate that this warming leads to a consistent
release of greenhouse gases (i.e., CO2 and CH4) from soils,
leading to a positive feedback to climate change5.

Current understanding of the land carbon-climate feedback
over the 21st century is predominantly based upon laboratory
incubations6 and short- (1–5 years) or medium-term (5–20 year)
warming studies7–10. High-latitude field-based warming experi-
ments have commonly used open top chambers (OTCs) to warm
near-surface air temperatures, and have shown a general increase
in chamber air temperatures (up to 2.1 °C)11, and shifts in
aboveground biomass and community composition12. Changes in
vegetation, broadly favoring vascular plants (shrubs in particular)
over non-vascular plants (e.g., lichen and bryophytes13,14) and
deciduous shrubs over evergreen shrubs, are generally attributable
to shifting thermal niches15, altered plant phenology12, and ele-
vated mineralization rates increasing plant nutrient availability16

in these nitrogen-limited habitats. The subsequent increase in
productivity can result in increased plant carbon fixation,
belowground allocation, and soil organic carbon (SOC) stocks17.

SOC gains through enhanced vegetation growth17 can be offset
through elevated microbial decomposition under warming6,18.
Rusted et al.16 performed a meta-analysis of the responses of
tundra respiration to short-term warming, and reported a 20%
increase in tundra respiration under short-term warming, while
recent ecosystem manipulation experiments focusing on winter
and summer warming have demonstrated carbon effluxes via
heterotrophic respiration outweigh inputs via plant productivity
as the active layer depth increases18. However, the microbial
community response to warming is complex and depends on
concurrent changes in soil hydrology. For example, while drying
or anoxic microsite formation under saturating conditions can
reduce microbial activity6,9, a slight decrease in soil moisture has
also been shown to increase microbial activity19.

Multi-decadal predictions based on short-term experiments
assume some degree of consistency in ecosystem response in order
to extrapolate a potential trend across longer time scales. However,
medium-term (i.e., 20 year) field experiments have demonstrated
that short-term ecosystem responses to perturbation can be
inconsistent with longer-term responses20,21. In one of the longest
running tundra warming experiments, Sistla et al.8 reported no
change in soil carbon stocks over 20 years of warming, despite
increasing plant biomass and woody dominance, increasing win-
tertime temperatures, and suppressed surface decomposer activity.
Interestingly, this study also showed that the most dynamic
response to warming occurred deeper in the soil, with clear changes
in microbial activity and mineral soil carbon stocks.

Several studies have highlighted a strong non-linearity of
ecosystem responses to perturbation22. Mechanistic modeling
approaches can be employed to examine the influence of eco-
system processes that play out on different time scales, but
determine the long-term fate of soil carbon. For example, both
observations and model predictions demonstrate the significance
of a long-term deepening active layer23 and its effects on soil
hydrology, soil thermal conductivity, and nutrient availability24.
Furthermore, complex interactions between and among plant and
microbial communities, including physiological adaptation to
changing climate25, can lead to non-linear climate feedbacks. A
hypothetical example of such non-linear feedbacks would be
transitions of net CO2 fluxes between sinks and sources as dif-
ferent members of an ecosystem responded to perturbation.

Initial warming can stimulate fast-growing microbial decom-
posers before other components of the ecosystem6,18. Their
activity could tip an ecosystem towards becoming a short-term
source of CO2 to the atmosphere. However, over time, a warmer
environment with higher atmospheric CO2, increased precipita-
tion, and sufficient nutrient availability can promote plant pro-
ductivity17. Over a sufficiently long period of time, increased
vegetation growth can transition the ecosystem towards becoming
carbon neutral, or even a carbon sink.

In this work we apply a well-tested mechanistic land model,
ecosys (see Methods section for details), to examine differences in
ecosystem carbon cycle responses between observed and modeled
short-term (<10 year) warming experiments and modeled long-
term (100 year) changes under 21st century expected tempera-
ture, precipitation, and CO2 concentrations. Through this
approach, we show that short-term warming resulted in a much
higher rate of soil carbon loss relative to multi-decadal responses.
This can partly be attributed to long-term perturbation occurring
at a lower rate of change. However, the short-term warming
experiments favor heterotrophic activity, and hence soil carbon
loss, and generally are not designed to capture longer-term, non-
linear dynamics of vegetation, that occur in response to thermal,
hydrological, and nutrient transformations belowground. Herein,
we discuss the specific mechanisms regulating these feedbacks.

Results
Our modeling experiment focus on four sites representative of
distinct ecosystems across Alaska in which experimental manip-
ulations have been performed (Methods section). Utqiaġvik
(formerly Barrow, 71°18′N, 156°40′W) lies 3 m above sea level
(a.s.l) on the northern edge of the Alaskan Arctic Coastal Plain. It
is underlain by continuous permafrost and characterized by short,
cool growing seasons. Toolik (68°38′N, 149°34′W. 740m a.s.l), in
the foothills of the Brooks Range, is also underlain by continuous
permafrost, but with comparatively warmer summers. Eight Mile
Lake (63°52′N, 149°13′W. 670 m a.s.l) is a moist acidic tundra site
with discontinuous permafrost located in the northern foothills of
the Alaska Range. Finally, Delta Junction (63°55′N, 145°44′W.
~1100 a.s.l) is an upland boreal forest ecosystem with hetero-
geneous coverage of deep discontinuous permafrost. All four sites
have hosted passive warming experiments7,9,26, which we leverage
here to infer emergent temperature sensitivity of decomposition
and to evaluate ecosys.

Model testing against perturbation experiments. Across the four
sites (Fig. 1a) and against a recently compiled meta-analysis
including the four sites27 (Fig. 1b), ecosys accurately reproduced the
observed active layer depth (ALD) and responses of gross primary
productivity (GPP) and ecosystem respiration (i.e., heterotrophic+
autotrophic respiration, Reco) to short-term warming (Fig. 1 and
Supplementary Table 4). These results, and previously described
evaluations against high-latitude diurnal, seasonal, and interannual
variability of C and energy dynamics14,24,28, demonstrate that ecosys
provides a reasonable representation of the response of high-
latitude ecosystems to perturbation and can be extended to the
model experiments described below.

Modeled ecosystem responses to short-term warming. Under
short-term warming manipulations we found a clear increase in
shallow (~0.1 m) soil temperature at each site (Average increase:
Utqiaġvik +0.85 °C; Toolik +1.1 °C; Eight Mile Lake +0.3 °C; and
Delta Junction +0.9 °C), and air temperature, and a slight decline
in soil moisture (Supplementary Table 3). Soil nutrient con-
centrations were largely unaffected, likely due to microbial biomass
nitrogen and phosphorus increasing at each site (Supplementary
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Table 3). Modeled whole soil profile SOC stocks declined at all four
sites (Fig. 2a). The extent of this 10-year decline differed by site,
with SOC loss being highest at Delta Junction (net carbon loss of
0.18 kg Cm−2), followed by Toolik (0.09 kg Cm−2), Utqiaġvik
(0.05 kg Cm−2), and Eight Mile Lake (0.02 kg Cm−2).

Modeled ecosystem responses to long-term warming. Under
long-term perturbation, air temperature rose at all sites over time

at the same rate under RCP8.5-T and RCP8.5-FF (Supplementary
Table 4). Soil moisture also increased at all sites, although the
increase was larger under RCP8.5-FF than RCP8.5-T due to a
simulated rise in precipitation under RCP8.5-FF. Elevated soil
water content increased soil thermal conductance, resulting in a
deepening ALD modeled at all tundra sites. At Eight Mile Lake
the ALD increased by over 1 m concurrent with a small increase
in soil moisture across the soil profile (Supplementary Table 2).
Delta Junction, which is not underlain by permafrost, also had a
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large increase in soil moisture under both perturbation scenarios
(~28 and 70% increase within surface soils, and ~40% at 1 m
under RCP8.5-T and RCP8.5-FF, respectively). The ALDs at
Utqiaġvik and Toolik doubled between 2000 and 2100 to 0.52
(±0.8) and 0.60 m (±0.88, mean and standard deviation),
respectively.

Long-term modeled SOC stock responses were more complex
than in the short-term simulations (Fig. 2b). The trajectories of
SOC stocks were most similar between the short- and long-term
perturbations at Delta Junction and Toolik (both sites lost SOC by
2100; Fig. 2a, b). Toolik SOC stocks decreased from 2000 to 2050
before increasing from 2050 to 2100 under RCP8.5-FF (Fig. 2b).
At Toolik, net SOC losses over 100 years were ~0.2 kg Cm−2

(0.03% of baseline stocks) and ~0.4 kg Cm−2 (0.06% of baseline
stocks) for RCP8.5-T and RCP8.5-FF simulations, respectively.
Delta Junction, however, showed a monotonic decrease in SOC
between 2000 and 2100, resulting in an overall SOC loss of 3 and
3.4 kg Cm−2 (0.48 and 0.42% of baseline stocks) for RCP8.5-T
and RCP8.5-FF simulations, respectively.

At Eight Mile Lake and Utqiaġvik, the modeled SOC differed
between short-term and long-term warming scenarios. Modeled
SOC accumulation at Eight Mile Lake peaked around the year
2070 and declined thereafter. However, Eight Mile Lake remained
a carbon sink by 2100, with net SOC stock increases of 2.1 and
2.15 kg Cm−2 (0.38 and 0.39% of baseline stocks) under RCP8.5-
FF and RCP8.5-T simulations, respectively. By comparison, the
SOC accumulation rate at Utqiaġvik was lower and monotonic
(Fig. 2b). Nevertheless, modeled Utqiaġvik SOC stocks increased
by 0.7 kg Cm−2 and 1 kg Cm−2 (0.12 and 0.17% of baseline
stocks) under RCP8.5-FF and RCP8.5-T simulations, respectively.
Finally, over the 21st century, the contribution of wintertime
respiration increased significantly, from a two-fold at Utqiaġvik,
to a six-fold increase at Delta Junction (Supplementary Table 3).

Emergent SOC temperature sensitivity under short- and long-
term warming. We defined a simple depth-dependent emergent
temperature sensitivity metric (ν) to compare SOC stock changes
under different forcings. This metric (ν) represents changes in
SOC stocks (g Cm−2) normalized to changes in soil temperature
(°C) at specific soil depths (0.1, 0.6, 1.0, and 1.7 m) over the
experiment length (10 or 100 years):

ν ¼
Cp � Cb

� �
=ΔT

Δt
ð1Þ

where Cp and Cb represent SOC stocks under perturbed and
baseline conditions, respectively, at specific depths. ΔT represents
the change in temperature under short-term or long-term
warming experiments at specific depths, and Δt represents the
simulation period.

The emergent temperature sensitivity of SOC is clearly different
between short- and long-term responses at each site (Fig. 3). In
many cases, ν is much larger under short-term than long-term
warming (note the broken y-axis range in Fig. 3a–c) within the
most biologically active top 0.1m of soil. At Utqiaġvik and Eight
Mile Lake, the sign of ν reverses between the short- and long-term
response. These sites are a source of carbon under short-term
warming, and transition to carbon sinks over a 50–100 year time
period (Fig. 2). Toolik ν values switch signs between the first
(2000–2050) and last (2050–2100) 50-year periods of warming.
Finally, there is a clear depth dependency to the calculated
temperature sensitivity value under long-term (100 year) warm-
ing. For example, Utqiaġvik, Toolik, and Eight Mile Lake have
opposite signs, and much smaller values, of ν in the 0.3−0.6 depth
range compared to the top 0.1m (Fig. 3a–c). Both Toolik and the

boreal Delta Junction sites have a small accumulation of SOC at
depths >1.5m by 2100 (Fig. 3b, d).

Discussion
Short-term warming. Observational experiments are invaluable
for improving conceptual understanding of the mechanisms
underpinning ecosystem responses to climate change. In this
study we have examined how these short-term responses might
evolve when considered within the context of multi-decadal cli-
mate change forcing controlled by responses that emerge over
longer time scales. Notwithstanding qualitative similarities
between the trajectory of SOC stocks at Toolik and Delta Junction
under short-term and long-term perturbation, we generally noted
very different emergent SOC stock temperature sensitivities in
four diverse Alaskan ecosystems. While the short-term SOC
sensitivities were driven primarily by the rapid response of
temperature-sensitive microorganisms, the long-term sensitivities
were associated with changing vegetation dynamics and greater
SOC turnover below surface soils (i.e., >0.1 m).

The short-term warming scenarios are akin to a stepwise
experiment, imposing a higher rate of soil warming (average:
~0.7 °C, range: 0.3–1.3 °C) relative to the long-term perturbation
experiments over the first 10 years (average: 0.2 °C, range:
0–0.5 °C). This aggressive short-term warming scenario stimu-
lated heterotrophic microbial functional guilds (which have
strong thermodynamic controls on their activity) more rapidly
than vegetation, consistent with observations6,18,29 (although see
Deane-Coe et al.30). Respiration rates can also increase due to a
modeled decline in soil moisture under short-term warming. A
small decline in soil moisture can increase oxygen diffusion into
soils which can further stimulate heterotrophic and autotrophic
respiration19. The rapidity with which belowground activity
increases tends to exceed vegetation responses and leads to a net
decline in SOC. This difference is best demonstrated by the
emergent SOC temperature sensitivity of the top 0.1 m of soil,
which is several times larger under short-term than long-term
perturbation (Fig. 3).

Under short-term warming a small, but not statistically
significant, increase in vegetation carbon of 5–24% was modeled
after 10 years. This increase was primarily driven by increased
shrub biomass, with little to no change in the biomass of other
plant functional types at each site. Furthermore, despite an overall
loss of soil carbon, litter carbon increased at all sites concurrently
with increasing plant biomass, consistent with previous results13.

Modeled gross and net primary productivity under short-term
warming showed a small statistically insignificant increase (Fig. 4),
partly due to significant interannual variability. These vegetation
responses are broadly consistent with conclusions from experi-
mental warming studies at tundra sites31, observational data-
syntheses13,32, and long-term monitoring programs33, which have
demonstrated increased height and cover of deciduous shrubs
and graminoids, and decreased mosses and lichen cover.
However, while a decline in mosses and lichen is consistent
across warming studies, evergreen shrubs have also been shown
to respond positively to warming34,35, which was not modeled in
these short-term simulations.

Clear site-level differences in the response to short-term warming
was also modeled. Vegetation carbon and biomass responded more
to warming in the warmer southern site, Delta Junction, relative to
the northern, and cooler sites. A recent data-synthesis provides
partial support for this finding. Elmendorf et al.10 found
heterogeneity in plant responses to warming, with shrubs increasing
with experimental warming in sites with higher mean annual
temperatures and graminoids increasing under warming in cooler
sites. In our short-term simulations, graminoid abundance was

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-19574-3

4 NATURE COMMUNICATIONS |         (2020) 11:5798 | https://doi.org/10.1038/s41467-020-19574-3 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


modeled to have a small positive response to warming at Delta
Junction, Toolik, and Eight Mile Lake, consistent with warming
experiments at this site36, with no change at Utqiaġvik.

Multi-decadal perturbation. Replacing the stepwise experimental
framework with longer-term experiments illustrated extensive
differences in how the sites respond to perturbation (Fig. 2b). At
Toolik and Delta Junction, ecosystem respiration outweighed the
aboveground response (Fig. 2b) and sustained the trends pre-
dicted by short-term warming that Arctic ecosystems will become
positive feedbacks to climate change, but with lower emergent
temperature sensitivities (Fig. 3). Conversely, at Utqiaġvik and
Eight Mile Lake, the activity of belowground communities was
offset by interactions between vegetation and changes in land-
scape processes, resulting in a carbon sink over the long-term
(Fig. 2b and Supplementary Fig. 1). We applied a process network
approach37 to analyze interactions between variables and found
that the most significant factors explaining whole-column SOC
trends over the long-term were changes in plant productivity and
physical state (soil temperature, soil moisture, ALD, and snow-
pack depth, Supplementary Fig. 1).

Broad ecosystem responses. Under RCP8.5-FF and RCP8.5-T,
air and soil temperatures and soil water content increased (Sup-
plementary Table 4). Increasing moisture can increase thermal
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conductance, which can result in deepening of the active layer.
These physical changes affected nutrient cycling, increasing
nitrogen and phosphorus availability over time (Fig. 5). Changing
nutrient availability can effect vegetation growth via two main
depth-dependent processes: within shallower soil depths (~top
0.1 m), microbial mineralization rates increased as soil tempera-
tures increased, accelerating nutrient cycling rates and liberating
previously limiting nitrogen and phosphorus38 for uptake by
plants with shallower rooting depths39. Deeper in the soil,
thawing permafrost can release previously frozen inorganic
nitrogen and phosphorus and enhance microbial decomposi-
tion16 of newly accessible organic matter40. Over time this
accelerating nutrient cycling plays a significant role in deter-
mining the competitive dynamics of vegetation to warming.

In addition to increasing nutrient availability as ALD
deepened, air temperature and soil moisture were the primary
drivers behind the modeled 21st century site-average rise in NPP

(~260 ± 150%), soil ecosystem respiration (autotrophic+ hetero-
trophic, 280 ± 130%; Supplementary Fig. 2), and soil carbon
(Fig. 2b and Supplementary Fig. 1). However, despite increasing
nutrient availability, inorganic nitrogen availability still appeared
to constrain NPP, as shown by a positive relationship between
NPP and nitrogen availability at most sites (Fig. 5). This
constraint could reflect increasing immobilization of nitrogen
within microbial biomass41. Interestingly, Utqiaġvik showed a
positive relationship between soil phosphorus concentration and
NPP, indicative of potential phosphorus co-limitation of
productivity in this region (Fig. 5). Previous studies support this
assertion by showing, (1) a phosphorus control on productivity
and carbon sequestration under sufficient nitrogen availability in
tundra systems42 and (2) evidence for phosphorus control on
ecosystem processes at Utqiaġvik43.

Over the 21st century, the modeled growing season lengthened,
which contributed to increased plant productivity (Supplementary
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Fig. 2) and shrub biomass, the latter being consistent with recent
observational44 and modeling14 analyses. It should be noted that
while most modeling studies simulate prolonged seasonal vegetation
activity, experiments and observations present a more complex
picture whereby snow-free periods might increase, but the response
in productivity is diverse45, and include evidence for increased33

and decreased46 vegetation productivity, abundance, biomass, or
height. Furthermore, in instances where changes in aboveground
biomass are not observed, significant changes can occur in
belowground biomass47, which can decouple critical processes of
the carbon cycle (i.e., productivity and respiration).

Tundra vegetation responses to perturbation. At the two
northern, colder, and nutrient poor sites (Utqiaġvik and Toolik),
shrubs dominated the vegetation by 2100: at Utqiaġvik, evergreen
and deciduous shrubs dominated the vegetation, representing
~70% of NPP, while at Toolik the deciduous shrubs account for
~60% of NPP, outcompeting evergreen shrubs for nutrients, and
non-vascular plants for light via shading. Evergreen shrubs have
lower nutrient demand, slower nutrient uptake, and greater
nitrogen and phosphorus retention within leaves, shoots, and
roots48. By contrast, the high rates of nutrient uptake and pho-
tosynthesis associated with deciduous shrubs result in a relatively
rapid increase by 2100 in deciduous cover at Toolik as air tem-
peratures warmed and nutrient availability increased49. The
higher relative coverage of deciduous shrubs at Toolik relative to
Utqiaġvik could partially explain the higher SOC loss at Toolik,
since deciduous shrubs produce higher quality, more decom-
posable litter than evergreen shrubs.

At both Utqiaġvik and Toolik, graminoids generally main-
tained similar biomass until 2070, after which it slowly increased.
The graminoids are modeled to have deeper roots than shrubs,
and can therefore access nutrient mineralization occurring at the
permafrost boundary. However, the negative effect of increased
shading by the shrub dominated community offset the positive
effects of increased nutrient availability.

These modeled shifts in vegetation are governed by plant
functional type (PFT) traits related to thermal niche, carbon
allocation, hydraulics, and growth strategies. In contrast to short-
term manipulations, long-term simulations showed that plant
responses to perturbation strongly affected SOC stocks at all sites
(Supplementary Fig. 1). Eight Mile Lake, Toolik, and Utqiaġvik
were modeled to have non-monotonic C cycle responses to
perturbations over time. This pattern was most noticeable at
Eight Mile Lake, which, although a strong SOC sink by 2100,
peaked in mid-century and declined thereafter (by ~33% under
the RCP8.5 scenarios; Fig. 2b). Therefore, equilibrium between
SOC inputs and losses was not established over the 21st century.
At this site, NPP (Supplementary Fig. 2) and vegetation biomass
continue to increase over the century. However, as nutrient
availability increased across the soil profile, belowground carbon
allocation declined under both RCP8.5-FF (by 50%) and RCP8.5-
T (by 80%, Supplementary Fig. 3).

The exudation of photosynthate belowground is tightly
coupled to water and nutrient acquisition50, and plays an
important role in the carbon cycle51. The proportion of
belowground exudation falls within the range previously
estimated for tundra plants52, while previous studies measuring
belowground exudation within tundra ecosystems have observed
either a decline53, or no change54 under warming. This is
generally consistent with the current output described here
(Supplementary Fig. 3). However, exudation is largely dependent
on soil fertility, and nitrogen limitation can promote higher
exudation55. In addition, plant species composition plays a large
role in determining belowground exudation, as graminoids

allocate more carbon belowground56. Therefore, the modeled
drop in belowground exudation at Eight Mile Lake might be
explained by increasing nutrient availability and shrub abun-
dance, with lower nutrient requirements. The modeled decline in
plant exudation did not occur at either Utqiaġvik or Toolik,
which further supports the idea of strong nutrient limitation
within these colder systems. However, the percentage of NPP
allocated to belowground exudation does decrease over the 21st
century (Supplementary Fig. 3). Uncertainty in the perturbation
response of exudation, and its importance in the carbon cycle,
highlights this area as a first-order research priority.

Tundra soil carbon responses to perturbation. Increasing
vegetation productivity, aboveground biomass, and litterfall resulted
in SOC accumulation within surface soils (<0.3m) at Eight Mile
Lake. However, SOC lost to heterotrophic respiration, increases
over time, particularly towards the end of the century between 0.5
and 1m (Fig. 6). These deeper hotspots of SOC turnover can occur
for several reasons, including the increased availability of labile
organic matter as the permafrost boundary deepens and an overall
increasing rate of mineralization as kinetic energy limitations are
alleviated by rising soil temperatures57. Furthermore, the con-
tribution to SOC turnover attributable to wintertime heterotrophic
respiration increases over time as soils warm, consistent with
observations58. These hotspots of subsurface activity can partially
offset carbon inputs by vegetation, emphasizing the importance of
understanding the vulnerability of deep carbon stocks to warm-
ing59. Support for the long-term trajectory of SOC at Eight Mile
Lake can also be found from the short-term warming manipula-
tions at this site, which have shown both increased microbial
activity18, and increasing plant productivity60.

Several of the mechanisms accounting for the sustained SOC sink
at Eight Mile Lake apply to Utqiaġvik. In both cases, increased air
temperature and nutrient availability increased plant productivity.
However, Utqiaġvik is a much colder site than Eight Mile Lake
(Supplementary Table 3). By 2100 the mean annual temperature at
Utqiaġvik is ~1 °C (±3.3 °C standard deviation) and microbial
decomposition remains energy limited38, with strong nutrient
immobilization61. Nevertheless, gains in aboveground productivity
are not entirely offset by those in belowground respiration
(Supplementary Fig. 2) allowing for the small SOC accumulation
relative to the baseline rates (Fig. 2). Therefore, dominant shrubs
and graminoids become more competitive for nutrients over time.
One potential reason for these changing ecosystem dynamics could
be the deepening of the snowpack between 2000 and 2050
(Supplementary Table 3). Several snow fence field experiments
have shown excess snow thermally insulates the soil. Thermal
insulation over the winter can increase microbial mineralization
and nutrient availability62. Plant uptake of this nitrogen can occur
both under the snow and during the spring melt period63,
particularly by shrubs64, leading to elevated foliar nitrogen
content60. Nutrient uptake and storage can also occur after the
growing season65, providing an advantage at the onset of the
following growing season and spurring tundra vegetation growth.

The long-term SOC loss at Toolik represents an interesting
counterpoint to the response at Utqiaġvik, and to EML. Toolik
remains a source of carbon to the atmosphere throughout the 21st
century, although the response to perturbation is relatively slow and
the site is a carbon source under both short- and long-term
warming. Under both perturbation scenarios this carbon trajectory
occurs because Toolik, which is slightly warmer than Utqiagvik,
showed a strong initial response of respiration to warming, and this
response continues over time, particularly deeper in the soil profile
at the permafrost boundary (Fig. 6). By contrast, the vegetation
response appears to be the primary factor differentiating EML and
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Toolik. A deeper active layer, warmer air temperatures (Supple-
mentary Table 3), and higher nutrient availability (Fig. 5) at EML
promote more rapid plant growth and surface soil carbon
accumulation (Fig. 6) over the century, relative to the Toolik site.
Cooler temperatures, and lower nutrient availability at Toolik favors
microbial immobilization of nutrients relative to the more rapid
nutrient cycling at EML. This immobilization stimulates hetero-
trophic respiration under warming, mineralizing soil carbon. Over
time, deciduous shrub biomass increases at the Toolik site, and
higher C:N ratios and longer turnover times of woody biomass
begins to offset these losses.

This balance between respiration and productivity stabilizes
carbon losses in the latter half of the 21st Century, and Toolik
begins to build up soil carbon, approaching, but not reaching,
neutrality by 2100. One of the longest running warming
experiments in the tundra, 20 years of warming at Toolik8,
observed no net change in carbon stocks. However, the authors
observed initial summertime warming over the first few years that
diminished over time and concluded that the declining
summertime soil respiration, coupled with greater litter inputs,
may have offset any warming-driven carbon loses that likely
occurred over those first few years. These differences between the
experimentally manipulated warming and the imposed model
warming partly explain discrepancies between observed and
modeled soil carbon stock responses.

Boreal Forest responses to perturbation. South of the tundra at
the Delta Junction boreal site, losses from ecosystem respiration

generally outweighed gains from increased productivity, leading
to SOC losses across most of the soil column over the 21st cen-
tury (Fig. 6). These SOC losses occurred concurrently with a
slight increase in deciduous biomass (modeled as Aspen, and
characterized by fast, inefficient growth rates and low nutrient
efficiencies), within the Spruce-dominated forest, and a drop in
the percent of photosynthate allocated belowground as exudate
(~70% decrease by 2100). At Delta Junction, ecosystem respira-
tion, vegetation productivity (e.g., GPP, NPP), and soil tem-
perature changes were among the more important predictors of
SOC dynamics (Supplementary Fig. 1). The strong carbon source
at this site might be surprising given an increasing dominance by
woody biomass. However, uncertainty remains as to how
increased deciduous plant abundance might affect the carbon
cycle. For example, an increase in slowly decomposing woody
biomass could increase ecosystem carbon storage66. Alternatively,
the high nitrogen content of deciduous litter might accelerate
nitrogen cycling, and prime the decomposition of SOC67,
although see68. Notably, the decomposition of deciduous litter
was recently observed to occur more quickly within forested
environments than within tundra69. Finally, this site showed the
largest increase in wintertime respiration, increasing nearly six-
fold by 2100, which can significantly contribute to SOC turnover
and loss58.

A recent analysis by Cahoon et al.70 demonstrated temperature
to be a strong determinant of net CO2 fluxes within high-latitude
ecosystems. Warmer locations tended to be CO2 sources to
the atmosphere regardless of vegetation cover, concluding that
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ecosystems increasingly dominated by shrubs accelerate carbon
cycling, which could lead to carbon loss70. This carbon loss can be
exacerbated by an increasing production of deciduous litter,
which, with a lower C:N ratio, can be rapidly decomposed relative
to other PFTs69. Finally, expanding boreal forests and increasing
snowpack cover could affect climate through declines in surface
albedo71, which can feedback positively to radiative forcing, and
offset any gains in soil carbon71. However, we emphasized the
need for longer-term (>10 year) data sets focused on the response
of Boreal regions to climate change.

Future research priorities. We propose several activities that
could help bridge the gaps between short- and long-term responses
and improve carbon cycle predictions. First, greater empirical
understanding of belowground traits and phenology51, and parti-
cularly of the mechanistic controls on belowground plant allocation,
the fate of exudates, and importance to the tundra carbon cycle is
required. This knowledge is emerging within lower latitude sys-
tems50, but more work is needed in tundra and Boreal systems.
Furthermore, integration of new understanding in models is
required to correctly represent carbon cycle impacts from uncou-
pling above- and belowground phenology47.

Second, an improved representation of biogeochemical and
biophysical processes involved in SOC stabilization or turnover is
required. The longest running tundra warming study8 highlights
mechanisms that have yet to be fully represented in models,
including the importance of multi-trophic interactions, cryotur-
bation, and soil aggregation. Improved representation of micro-
bial complexity (i.e., bacteria, archaea, and fungi), and their
response to long-term perturbation (including shifting plant
communities), is also critical for predicting the trajectory of soil
carbon. How microbial guilds and competition and plant-litter
composition determine carbon pool structure and size with
increasing active layer depth remain critical unknowns. More-
over, further quantifying, at a variety of scales, the importance
and trajectory of winter respiration remains a high priority7,58,60.

Third, attempts to understand the response of the Arctic
carbon cycle to climate change have focused on experimental
manipulations of air temperature5,6. While our simulations
support the supposition that temperature is a major limiter on
high-latitude ecosystems, additional drivers of ecosystem change,
including precipitation and elevated CO2, affect the terrestrial
carbon cycle. Our brief analysis of these individual forcing effects
on ecosystem C cycling indicated that while temperature was a
dominant driver of high-latitude ecosystem responses, elevated
CO2 or precipitation changed the trajectory of SOC stocks over
time (Supplementary Fig. 4). While long-term data sets
characterizing changes in vegetation over decadal-time scales
are valuable for benchmarking model responses under fully
forced scenarios, additional data is required to parse out the
contribution of different drivers (e.g., CO2, precipitation).
Therefore, further field experiments focusing on how individual
and combined non-temperature based drivers of ecosystem
function affect high-latitude ecosystems would contribute to
improved prediction of the carbon cycle under climate change.

The trajectory of high-latitude soil carbon under climate
change remains a source of uncertainty72. Short-term warming
stimulates microbial decomposition, in line with observations
from experimental manipulations and monitoring18. Here, we
show that mechanisms emerging over century-long climate
change simulations moderate soil carbon losses leading to a
lower carbon feedback to climate than would be predicted from
the emergent temperature sensitivities derived from short-term
warming experiments. Across the 21st Century, elevated plant
productivity, in response to thermal, hydrological, and nutrient

transformations belowground, offsets soil carbon loss through
microbial decomposition, for which there is support within the
contemporary observational literature8. Furthermore, these long-
term simulations illustrate clear regional heterogeneity, which can
be attributed to subtle changes in vegetation and soil thermal
properties. This heterogeneity is a feature of high-latitude
ecosystems10,72 and characterizing the importance of this
heterogeneity with respect to the carbon cycle remains a high
research priority.

Methods
Ecosys model. The interdependent physical, hydrological, and biological processes
governing the ecosystem response to warming are simulated by the mathematical
model, Ecosys. Appendices describing the model equation have been published
previously24,28. In brief, Ecosys is an hourly time-step land model with multiple
canopy and soil layers and fully coupled carbon, energy, water, and nutrient cycles
solved at an hourly time step7. Surface energy and water exchanges drive soil heat
and water transfers to determine soil temperatures and water contents8. These
transfers drive soil freezing and thawing and, hence, active layer depth, through the
general heat flux equation. Carbon uptake is controlled by plant water status
calculated from convergence solutions that equilibrate total root water uptake with
transpiration9. Atmospheric warming increases surface heat advection, soil heat
transfers, and hence active layer depth.

Ecosys represents fully coupled plant-microbe-soil carbon and nutrient cycling
driven by the energetics and kinetics of aerobic and anaerobic oxidation-reduction
reactions, fully prognostic dynamics of permafrost and its effects on active layer
hydrology driven by basic processes for transfer and transformation of energy and
water, and acclimation of all biological processes to warming10,11. Ecosys represents
multiple canopy and soil layers allowing for mechanistic plant functional type
(PTF) competition for light and water. PFTs were constructed from published
descriptions of the key vegetation types for each site1–6. A range of PFTs were
represented in the simulations, including evergreen and deciduous trees and
shrubs, lichen, heath, nitrogen-fixing moss, and C3-grasses. Competitive dynamics
amongst Arctic PFTs are governed by distinct functional traits12. These traits
generally regulate resource acquisition and allocation strategies that determine
variability in phenology, irradiance, CO2 fixation rate, and water uptake among
PFTs, and therefore, drive their ability to grow and compete.

There are several PFTs explicitly assigned in Ecosys (e.g., traits related to CO2
fixation, phenology, root traits, and mycorrhizal growth), but five basic traits (leaf
mass area, leaf clumping, foliar nutrient content, foliar nutrient retention, and root
hydraulic conductivity) are critical in determining the ecological strategy of an
individual PFTs. A recent publication has highlighted in detail the significance of
differences in these traits for vegetation dynamics in Arctic tundra under a
changing climate12. PFTs also compete with distinct microbial guilds for common
nutrient (nitrogen and phosphorus) pools held across multilayer soil profiles. PFT
nutrient uptake is determined by root length and density and driven by allocation
of non-structural carbon, nitrogen, and phosphorus, the rate of which is
determined by concentration gradients in non-structural carbon, nitrogen, and
phosphorus within each PFT arising from CO2 fixation or root uptake of nitrogen
and phosphorus relative to consumption by autotrophic respiration. Multiple
microbial guilds representing aerobic and anaerobic (e.g., denitrification,
fermentation, methanogenesis, methanotrophy) heterotrophic and autotrophic
(e.g., nitrification and methanotrophy) metabolisms are represented in Ecosys. The
rate of organic matter decomposition and turnover is determined by the rate of
heterotrophic respiration and constrained by microbial nutrient availability (i.e., C:
N and C:P ratios), soil temperature, oxygen availability, and organic carbon
concentration. All microbial populations seek to maintain stoichiometric balance
through mineralization and immobilization of NH4

+, NO3
−, and H2PO4

−. Uptake
of these nutrients is determined by Michaelis–Menton kinetics, and constrained by
surface area: volume ratio. Microbial biomass growth is dependent on the energy
yield (ΔG) gained during growth respiration. Growth respiration represents the
excess total heterotrophic respiration after accounting for cellular maintenance
respiration. In the event that maintenance respiration exceeds total heterotrophic
respiration, microbial mortality occurs. Mortality also occurs under first-order
decay rates. The key algorithms governing the modeling of ecological responses to
warming in tundra soils have been described recently13,14, and the reader is
referred to those manuscripts for specific details. The growth and activity of
microbial guilds is not prescribed by season. Thermal insulation by deep a
snowpack, which permit the persistence of aqueous conditions within soil macro-,
or micropores permit, in turn, the activity of the different microbial guilds down to
very low bulk soil temperatures (e.g., >−10 °C). It is therefore possible to simulate
changes in wintertime respiration under RCP85 scenarios, consistent with recent
findings58.

Ecosys has been applied to model the ecological controls on ecosystem processes
and the whole ecosystem response to changing climate across different ecosystems,
including within high-latitude soils; Arctic tundra11,12, and fens13,14, boreal
forests8,15–18. We note that the Ecosys model performs extremely well in replicating
contemporary flux tower estimates of carbon exchange in Alaskan ecosystems19,20,
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and is therefore an appropriate model for testing how Arctic ecosystems response
to changing climate. The parameters and algorithms governing the modeling of the
tundra ecosystem have been described in detail previously21.

The four sites, Utqiaġvik, Toolik, Eight Mile Lake, and Delta Junction were
represented as individual column experiments. The atmospheric forcing data,
providing inputs for air temperature, precipitation, downward shortwave radiation,
relative humidity, and wind speed for each site, were taken from the North
American Regional Reanalysis (NARR), a long-term weather dataset originally
produced at the National Oceanic and Land Administration (NOAA) National
Centers for Environmental Prediction (NCEP) Global Reanalysis22.

Where possible these model drivers were supplemented by site-specific data.
For example, long-term studies at Toolik and Eight Mile Lake maintain sufficient
data archives for environmental variables, including temperature and precipitation
(see http://www.lter.uaf.edu/data/and https://toolik.alaska.edu/edc/), to allow
substitution of the NARR variables within the model drivers. Similarly, the Next
Generation Ecosystem Experiment-Arctic maintains a data archive for the
Utqiaġvik site (http://ngee-arctic.ornl.gov/). At each site, soils were represented to a
depth of 2 m. Soil properties were initialized with attributes from the Unified North
America Soil Map (UNASM)23, however, site-specific values for edaphic factors
and land cover were also used to initialize the model. Where possible bulk density,
soil pH, sand, silt, and clay content were compiled from published observations.
Soil organic carbon was initialized with the Northern Cirumpolar Soil Carbon
Database (NCSCD)24. Changes in soil ice content were used to calculate the soil
thaw depth, and modeled using a heat flux equation driven by surface energy
exchange and subsurface heat transfer (see Grant and Pattey25, for further details).
These fluxes drive freeze-thaw dynamics and temperature in the snowpack, surface
litter and soil layers13. Ecosys was benchmarked using a meta-analysis of carbon
responses to warming. The meta-analysis was limited to the sites included in the
simulations and to two response variables, Ecosystem Respiration (Reco) and
GPP). The bulk of the current data had been prepared for the previous
publication28, however, this database was updated here to include publications up
to March, 2017. Additional data was collected using the matlab script GRABIT
(available online, https://www.mathworks.com/matlabcentral/fileexchange/7173-
Grabit).

Model testing. Baseline Ecosys simulations were run from 1900 to 2000 under
dynamic climate, atmospheric CO2 concentrations73, and nitrogen deposition74

that enabled the model to attain a spin up prior to the onset of perturbation. In
order to test the response of the model to perturbation we replicated warming
experiments conducted at the different sites (Table 1). To achieve this we repro-
duced the magnitude of warming over the same period the original experiments
were run for (i.e., after five, three, five, and 2 years of warming at Utqiaġvik, Toolik,
Eight Mile Lake, and Delta Junction, respectively7,9,26,60,75). It should be noted that,
given the limited observations available, we chose (and parameterized) study sites
that capture the general characteristics of their region. For example, the Delta
Junction site is parameterized as a general boreal forest site, with relevant plant
functional types (moss, lichen, graminoids, and evergreen and deciduous trees).
Although clearly insufficient to make a pan-Arctic extrapolation, we believe this
approach permits some generalizability from this study. At Utqiaġvik and Toolik
OTC experiments were established during the growing season in 1995 and CO2

fluxes measured using a LI-6200 portable photosynthesis system (LI-COR, Lincoln,
Nebraska, USA) in 2000 and 2001 (Utqiaġvik), and in 1997 and 1998 (Toolik).
Measurements were conducted every 4 h over 24 h. Air temperatures within the
OTC increased by 1–2 °C. Details on the calculation of gross ecosystem photo-
synthesis and ecosystem respiration can be found in the original text26.

The Eight Mile Lake experiment was initiated in 2008/ 20097,60, and continued
until 2015. Growing season warming was achieved through the placement of OTCs,
increasing air temperatures increased by 0.4 °C. Net ecosystem exchange was

monitored during the growing season using an automated chamber system
connected to an infrared gas analyzer (LI-820, Li-COR, Lincoln, Nebraska, USA).
Warming plots at Delta Junction were established in 2004, and warming
experiments conducted between 2005 and 20079. In contrast to the other studies,
warming at Delta Junction was achieved using closed top chambers (greenhouses),
which warmed soil temperatures ~0.5 °C. Soil respiration was monitored using an
infrared gas analyzer (PP Systems EGM-4, Amesbury, MA, USA) every
1–2 months during the growing season.

The in situ ecosystem warming simulations were parameterized to reflect open-
top chamber field experiments; the soil was warmed during the growing season by
scaling the aerodynamic resistance, in accordance with a previously employed
approach27 to match field observations of warming at each of the different sites
while keeping sufficient spatial variability of the warming. We then compared the
relative change in gross primary productivity (ΔGPP=GPPwarming−GPPambient),
ecosystem respiration (ΔReco), and active layer depth (ΔALD) from the
observations with the simulations. Significant differences between the empirical
and simulated response to warming were analyzed using a two-way analysis of
variance.

Finally, to compare the performance of the model across the spatially diverse sites
we used a meta-analysis to visualize the divergence in GPP and Reco under warming
from the control treatment, following a previously published approach27. We note,
however, that the site describing the software originally used for performing this
meta-analysis (http://www.metawinsoft.com/) is no longer available. However, we
note that similar, open-access software is available, notably OpenMEE (http://www.
cebm.brown.edu/openmee), the meta package (https://github.com/guido-s/meta), and
the metafor package (http://www.metafor-project.org).

For each variable (GPP or Reco) we combined measurements from the control
and warming experiments across all four sites for (a) the empirical data (taken
from refs. 7,9,26,60,75) and (b) the model outputs (i.e., the raw interannual data for
the control and warming studies). A response metric was calculated as the natural
log of treatment group (i.e., warming) relative to an ambient control:

lnR ¼ ln
X
T

X
A

 !
ð2Þ

Where X
T
and X

A
are the mean values for the treatment and ambient response

variable, respectively. The sampling variance (VInR) was calculated as:

VlnR ¼ sTð Þ2

NT X
T

� �2 þ sAð Þ2

NA X
A

� �2 ð3Þ

Where sT and sA represent the normalized standard deviations around the mean
values and NT and NA are the number of replicate studies from the warming
treatment and ambient controls, respectively. The effect size for different response
metrics (e.g., GPP or Reco) was subsequently calculated using a weighted average
value, where the weight for the ith study is the reciprocal of its sampling variance.
The GPP and Reco effect sizes for the empirical data and the model simulations are
then visualized using a forest plot, which shows the % divergence from the control.
A one-way anova found no significant differences between the % divergence
between the model output and the empirical data.

Short-term warming simulations. The short-term experimental simulations were
run by restarting the baseline model simulations described above at the year 2000
and running to 2010 under control (i.e., no warming) conditions and under a
short-term warming scenario. Under these conditions soil temperature elevation
ranged from 0.35 °C at Eight Mile Lake7 to 1.2 °C at Toolik7,9,26,60,75.

Table 1 Data sets used in model testing.

Authors Site Study title Time period
for warming
(sampling year)

Journal (year) DOI Funding agency

Oberbauer
et al.26

Utqiaġvik Tundra CO2 fluxes in
response to experimental
warming across
latitudinal and moisture
gradients

5 years (2001) Ecological
Monographs (2007)

10.1890/06-0649 National Science
Foundation (USA)Toolik 3 years (1998)

Mauritz
et al.7

Eight
Mile Lake

Non-linear CO2 flux
response to 7 years of
experimentally induced
permafrost thaw

5 years (2015) Global Change
Biology (2017)

10.1111/gcb.13661 Department of Energy/
National Science
Foundation (USA)

Allison &
Treseder9

Delta
Junction

Warming and drying
suppress microbial
activity and carbon
cycling in boreal
forest soils.

2 years (2007) Global Change
Biology (2008)

10.1111/j.1365-
2486.2008.01716.x

Department of Energy/
NOAA/ National Science
Foundation (USA)

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-19574-3

10 NATURE COMMUNICATIONS |         (2020) 11:5798 | https://doi.org/10.1038/s41467-020-19574-3 | www.nature.com/naturecommunications

http://www.lter.uaf.edu/data/and
https://toolik.alaska.edu/edc/
http://ngee-arctic.ornl.gov/
https://www.mathworks.com/matlabcentral/fileexchange/7173-Grabit
https://www.mathworks.com/matlabcentral/fileexchange/7173-Grabit
http://www.metawinsoft.com/
http://www.cebm.brown.edu/openmee
http://www.cebm.brown.edu/openmee
https://github.com/guido-s/meta
http://www.metafor-project.org
www.nature.com/naturecommunications


Long-term simulations. Additional simulations examined the ecosystem response
to long-term climate perturbation through two different experimental scenarios.
The first scenario examines the ecosystem response to warming only, in line with
the short-term experimental conditions. These simulations, termed warming,
increase air temperature monotonically following the representative concentration
pathway 8.5 (RCP8.5), obtained from ensemble projections, downscaled and
averaged from 15 CMIP5 models. Climate forcing for the second experiment,
termed long-term full forcing, also follows the RCP8.5 scenario, however, in
addition to changing air temperature, also projects forcing of precipitation, solar
radiation, atmospheric humidity, and atmospheric CO2 concentration. Two further
simulations isolated the influence of single variables, changing precipitation and
elevated CO2. RCP8.5 was followed for each variable, while maintaining all other
forcing factors at 2010 values. Each experimental was forced with the different
RCP8.5 scenarios for years 2000–2100, restarting from the baseline simulations,
which represent the years 1900–2000. Baseline simulations were also run out to
2100 for comparison (Supplementary Figure 5).

Causality modeling with information theory. We treat the complex aboveground
and belowground interactions as a coupled process network37, in which directional
impacts from one (e.g., plant carbon productivity) to the other (e.g., soil carbon
budget) could be quantitatively inferred by Shannon information entropy (H) and
its transfer (TE) (unit bits):

H ¼ �
Xn
i¼1

p xið Þ log2 p xið Þ ð4Þ

TX�>Y ¼
X

yi ;yi�1 ;xi�j

p yi; yi�1; xi�j

� �
log2

p yi yi�1; xi�j

���� �
p yi yi�1jð Þ ð5Þ

where p(x) is probability density function (PDF) of x, p(yi,yi-1,xi-j) is the joint
PDF of current time step yi, previous time step of yi, and jth time step before of xi.
p(yi|yi−1,xi−j) and p(yi|yi−1) denote conditional PDF of the corresponding variables.
For example, the information entropy transfer from plant photosynthesis processes
(GPP) to soil heterotrophic respiration processes (RH) is then calculated as
Shannon entropy reduction (uncertainty reduction) of present RH given the his-
torical GPP records and also excluded the influence from previous time step RH.
The significant threshold of TEGPP−>RH is by first randomly shuffling GPP and RH
time series, then calculate the shuffled TEGPP−>RH, assuming the randomly shuffle
breaks the dependency between GPP and RH. We applied this causality modeling
approach to ecosys simulated time series of system carbon, nitrogen, phosphorus,
water, and heat fluxes as well as associated pools and status at Utqiaġvik, Toolik
Lake, Eight Mile Lake, and Delta Junction.

Data availability
In accordance with US-DOE data policy, the data presented in this manuscript, and the
matlab scripts used to generate the figures has been deposited to the ESS-DIVE
repository (https://ess-dive.lbl.gov/) at https://doi.org/10.15485/1670465.

Code availability
The ecosys source code is publically available at https://github.com/jinyun1tang/ECOSYS.
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