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Microbial contribution to post-fire tundra
ecosystem recovery over the 21st century

Nicholas J. Bouskill® '™ Zelalem Mekonnen® ?, Qing Zhu 12 Robert Grant3 & William J. Riley1

Tundra ecosystems have experienced an increased frequency of fire, and this trend is pre-
dicted to continue throughout the 215t Century. Post-fire recovery is underpinned by complex
interactions between microbial functional groups that drive nutrient cycling. Here we use a
mechanistic model to demonstrate an acceleration of the nitrogen cycle post-fire driven by
changes in niche space and microbial competitive dynamics. We show that over the first
5-years post-fire, fast-growing bacterial heterotrophs colonize regions of the soil previously
occupied by slower-growing saprotrophic fungi. The bacterial heterotrophs mineralize
organic matter, releasing nutrients into the soil. This pathway outweighs new sources of
nitrogen and facilitates the recovery of plant productivity. We broadly show here that while
consideration of distinct microbial metabolisms related to carbon and nutrient cycling
remains rare in terrestrial ecosystem models, they are important when considering the rate of
ecosystem recovery post-disturbance and the feedback to soil nutrient cycles on centennial
timescales.

TClimate and Ecosystem Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA. 2 Berkeley Institute of Data Science, University
of California, Berkeley, CA 94720, USA. 3Department of Renewable Resources, University of Alberta, Edmonton, AB, Canada. ®email: njbouskill@Ibl.gov
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(~1000 PgC in the top 3 m!-3) have the potential to con-

tribute positively to rising atmospheric carbon dioxide
concentrations and the carbon-climate feedback. Air tempera-
tures in Arctic regions are currently warming at twice the global
average rate (0.6 °C per decade)?, which can stimulate microbial
decomposition and accelerate the turnover of the soil organic
matter (SOM) stocks to greenhouse gases (CO,, CHy, and N,0).
However, rising air temperatures also drive increased drought’,
higher vapor pressure deficits®, and lightning®, contributing to
an increased frequency and intensity of tundra fires®~11.

Fires represent a profound disturbance to high-latitude eco-
systems. The aftermath of a fire alters the surface energy
balance!?; alters soil hydrodynamics'314; reduces soil carbon
stocks, including ancient carbon previously sequestered within
permafrost!®; increases soil nutrient losses!®; and causes shifts in
plant and microbial community composition!”>!8. Depending on
fire severity and depth of the burn, fire ramifications on ecosys-
tem thermal, chemical, and biological features can be apparent for
several decades post-fire!2-1%, However, how abrupt disturbances,
such as fire, shape ecosystem responses to climate change,
including to soil carbon stocks, remains uncertain.

Broad impacts of fire on tundra plant communities have been
reasonably well characterized!7-20-22, and differences in recovery
have been demonstrated for vascular plants and cryptogams (e.g.,
moss and lichen)!”. Shrubs and graminoids regenerate quite
rapidly from soil seed banks, and increase in abundance post-
fire2123.24. However, the timescale for recovery differs between
the two plant types, with rapid recovery shown for graminoids!?,
relative to shrubs, which can take more than a decade to
reestablish?2. However, fires have also been shown to elevate
shrub expansion relative to prefire conditions, hastening transi-
tions that would otherwise take decades??. Cryptogams, by con-
trast, have no fire survival strategies, and tend to be decimated by
fire?>. Their recovery is often very slow due to a need for reco-
lonization post-fire via airborne spores originating from
unburned regions.

Belowground, fire acts as a direct disturbance to microbial
communities through heat-induced mortality and shifting com-
munity composition in the upper soil layers20-23, Fire also acts on
the microbial community indirectly by changing nutrient
availability?, and the quality and quantity of carbon sources®’,
shaping the metabolic diversity of belowground communities!8.
Microbes also differ in their sensitivity to fire and recovery post-
fire, whereby bacteria recover more quickly relative to
fungi?83132, However, Hewitt et al.33 noted that, while increas-
ingly severe fire reduces the relative abundance of fungal taxa,
mycorrhizal fungi can become more resilient to fire through the
resprouting life-history of tundra shrubs maintaining an inocu-
lum source post-fire33. Recovery of microbial communities post-
fire is critical to organic matter decomposition and nutrient
cycling and availability, which drives vegetation recovery. How-
ever, the sequence of events that facilitate a reversion to ecosys-
tem steady-state post-fire, including the links between microbial
and plant communities, remain difficult to demonstrate empiri-
cally. In addition to the effects of fire, shrub expansion under a
warming climate3%3> can change the composition of below-
ground communities3¢. Shrubs tend to produce litter with higher
carbon to nitrogen ratios, encouraging the growth of fungi with
lower nitrogen requirements relative to bacteria3”. This pattern is
important as the role fungi play in soil carbon cycling can be
distinct from that of bacteria, partly because fungi produce
chemically recalcitrant biomass, which slows rates of
decomposition38, Therefore, climatefire interactions that shape
vegetation and microbial community composition will feedback
on the tundra carbon cycle3%40,

The vast organic matter stocks in arctic permafrost soils

Here we apply observations and a well-tested mechanistic
model, ecosys, to address the question of how disturbance from a
tundra fire interacts with longer-term climate perturbations (i.e.,
warming, increasing CO, concentrations, and elevated pre-
cipitation). The ecosys model simulates the interdependent phy-
sical, hydrological, and biological processes that govern ecosystem
responses to perturbation. The model, which includes mechan-
istic representations of carbon, water, nitrogen, and phosphorus
dynamics in plants and soils, has been successfully applied in
dozens of sites around the world, with many studies focusing on
high-latitude ecosystems*!=4>. Further information on model
structure and performance in tundra ecosystems is available in
the materials and methods section below. We focus our model
experiments on one of the largest tundra fires on record, the 2007
Anaktuvuk River Fire, Alaska, which was caused by lightning and
exacerbated by record high summer temperatures and record low
summer precipitation234%47, The present study simulates the
ecosystem responses to, and recovery from, that fire. We initially
parameterize and benchmark the model using the available data
built up around this well-studied fire!>17-23:47:48  Once bench-
marked, we conduct modeling experiments to address three main
questions: (1) What are the long-term ramifications of fire dis-
turbance against the backdrop of ongoing climate change across
the 21st century? (2) What role does the belowground microbial
community play in enabling the recovery of the aboveground
plant community? (3) How does recovery post-wildfire differ
between an early 21st century graminoid dominated ecosystem,
and a late century shrub-dominated ecosystem with high shrub
abundance?

Results

We next describe: (1) ecosys model testing at the Anaktuvuk River
site; (2) 21st century carbon and nitrogen cycling in the absence
of fire; (3) fire effects on 21st century carbon cycling; (4) fire
effects on 21st century soil moisture and temperature; and (5) fire
effects on 21st century belowground microbial community
structure and nutrient cycling.

Model testing at the Anaktuvuk River site. We evaluated the
model against data collected from the severe 2007 Anaktuvuk
River fire. Data was collected on plant community metrics!7, soil
carbon!?, and site physical factors?3. Figure 1 shows agreement
between measured and simulated values (normalized Root Mean
Square Error (RMSE) = 0.037). The model replicated the annual
net primary productivity (NPP) of the ecosystem before
(~200 £40 gm—2yr—1) and 4 years after (~160+ 10 gm—2yr—1)
the fire. Further, the model performed well in replicating the NPP
of individual plant functional types (PFTs) (Figs. 1, S2a), with
graminoids making up ~60% of the vegetation (observation:
~125gCm~—2yr~; simulation: 120+40gCm~2yr~!) prior to
fire, and shrubs accounting for most of the remainder (observa-
tion: 75 gCm~—2yr~1; simulation: 75 +20 gCm~2yr~1; Supple-
mentary Fig. 2). Nonvascular plants were present but represented
a small (~3 %) fraction of NPP in observations and the simula-
tion. A more recent analysis of PFT composition at this site has
demonstrated a shift in the community a decade post-fire. While
graminoids are still a major part of the community, deciduous
shrubs, rather than evergreens, account for a greater proportion
of the shrubs.

prefire total (to 0.2 m depth) soil carbon content reported for
this site ranged from 2842gCm™2 to nearly 20kgCm—2
(depending on the depth of the soil organic layer, which ranged
from 12.3 to 43.3 cm). The simulated prefire 0-20 cm depth soil
carbon content is 6320 + 355 gC m~2, which is consistent with a
reported value of 7682 + 766 gCm™2 from 0 to 21.5 cm depth!®.
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Fig. 1 Model benchmarks against the observational data taken before and
after the 2007 Anaktuvik severe fire. The benchmarks include net primary
productivity (total and PFT specific), active layer depth pre- and post-fire,
and soil carbon stocks. The NPP data are separately reported for the
unburned ecosystem (blue symbols) and post-fire plots (green symbols).
For ease of visualization, the figure provides comparisons between the
normalized data; individual benchmark comparisons, including the time of
data collection, are provided in the supplemental material (Supplementary
Fig. 2).

Table 1 RCP8.5 driven changes in atmospheric variables.

Max. Min. Precipitation C,

Temp. Temp.

(°0) (°0)
Winter (DJF) 10.97 12.80 134 2.37
Spring (MAM) 7.08 8.28 1.52 2.37
Summer (JJIA) 4.53 4.84 1.28 2.37
Autumn (SON) 7.25 8.30 1.34 237

The table provides the average seasonal increases between years 2071-2100 relative to current
values (1981-2010). Shown here are the increases in maximum and minimum temperatures,
precipitation, and atmospheric CO, concentration (C,) under the RCP8.5 emission scenario
downscaled and averaged across 15 CMIP5 models for the Anaktuvik River, Alaska gridcell.

Total modeled soil carbon concentration from 0 to 1 m depth was
423kgCm~2. Finally, thaw depth pre- and post-fire was
accurately modeled compared to the observations (Figs. 1, S2b).

These results, alongside previously described evaluations of the
model applied to high-latitude ecosystems with*? and without
fire414249,50 " demonstrate that ecosys provides a reasonable
representation of tundra ecosystems, and can be extended to
our 21st century model experiments.

21st century carbon and nitrogen cycling in the absence of fire.
We first evaluated the site responses under the baseline
RCPS8.5 scenario (Table 1), which did not have fire. Over the 21st
century the site NPP more than doubled, from ~200 gCm—2 yr—!
to ~530gCm~2yr—! (Fig. 2a), and despite a large increase in
ecosystem respiration (heterotrophic + autotrophic), the soil
became a stronger net sink for atmospheric carbon (Fig. 2b).
Increased shrub abundance and growth, particularly of evergreen
shrubs, were simulated throughout the 21st century and
accounted for much of the elevated NPP by 2100.

Consistent with the stronger ecosystem sink by 2100, soil
carbon slightly increased over time, accumulating (0.67 kgC m~—2;

1.5%) by 2100. Methane emissions increase over the 21st Century
but remained low, while nitrous oxide (N,O) production
generally becomes more variable over time (Fig. 2b), alongside
an increase in soil nitrogen concentrations, yet does not show a
clear trajectory of increasing emissions. The active layer depth
increases slowly to 50 cm at year 2060 before deepening more
rapidly to ~90 cm by the end of the century. Corresponding
increases in soil moisture were simulated, with a slow increase in
the shallower soil (surface to ~0.3 m depth), and a rapid increase
at ~0.5m in line with a drop in the ALD (Fig. 2c). Toward the
end of the century, as the ALD deepens beyond 1 m, soil moisture
at depth also increases rapidly. Soil temperature demonstrates a
similar response, increasing over time from an annual average of
—2 °C within surface soils, to a temperature of +3 °C by the end
of the century (Fig. 2¢).

Increasing thaw depth, soil carbon, temperature, and moisture
provided additional niches for growth and activity of micro-
organisms. Over the 21st Century under the RCP8.5 scenario,
microbial biomass increased (Fig. 2d), notably within surface
soils, but also at depth (>0.5 m) concurrent with increasing thaw
depth. Within the 0-0.2 m depth interval, much of the simulated
increases were attributable to increasing fungal biomass, con-
cordant with increasing shrub biomass and a lower litter quality
(C:N ratio), that resulted in a higher fungal:bacterial biomass
ratio over time (Fig. 2e).

The transfer entropy approach adopted here identifies the most
important factors leading to the annual increases in simulated
ecosystem NPP. Notably, nutrient cycling and plant assimilation
are critical to plant NPP throughout the century (Supplementary
Fig. 3a/b). Additional factors contributing to increased NPP
include increased snowpack depth, soil moisture, and soil
temperature. These factors all contribute to increased root and
mycorrhizal growth and microbial mineralization responsible for
nutrient release.

Fire effects on 21st century carbon cycling. We next evaluated
how pulsed perturbation (fires of various severities) impact this
tundra ecosystem under a continuing RCP8.5 press perturbation
(climate change). The modeled depth of burn and extent of
organic matter combustion associated with fires of different
severities are determined from previously published syntheses®!
(and provide in Table 2).

These fire perturbations were applied during two timeframes:
(i) early in the century (during 2007) under a graminoid-
dominated ecosystem, and (ii) later in the century (in 2080) when
woody shrubs dominate ecosystem biomass. Fire prescribed in
both 2007 and 2080 significantly reduced soil carbon stocks
through combustion by a maximum of ~2400 gC m~2 under the
severe fire conditions, and less under moderate (1400 gC m2)
and mild (550 gCm~2) severity fires (Fig. 3). The severe fire
modeled values are consistent with observed values of net carbon
loss of 2016 gCm~2 measured a year following the actual
Anaktuvik severe 2007 fire!>. The recovery of modeled soil
carbon stocks in the 20 years post-fire showed clear differences
between fires initiated in 2007 and in 2080, and between fires of
different severity. Following a fire of mild-severity ignited in
2080 soil carbon stocks equilibrated to prefire conditions after 8
years, and thereafter exceeded initial conditions (Fig. 3b). By
contrast, soil carbon stocks burned in all the other fire
simulations did not return to prefire conditions 20 years post
fire (Fig. 3a). However, soil carbon stocks following late-century
moderate and severe fires rebounded to their new quasi-steady
condition more rapidly than those following early century fires.

Net primary productivity decreased more strongly following
late- than early-century fires (Fig. 4a). Notably, the post-fire
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Fig. 2 Ecosystem trajectories under the baseline RCP8.5-no_fire scenario for the period 2000-2100. The panels show a changes in net primary
productivity (gC m—2) for the total plant ecosystem and by plant functional type, b net biome productivity (gC m~2 yr=1), ¢ soil carbon stocks down to Tm
(gC m~2) and surface methane (gC m—2 yr—1) and nitrous oxide (gN m~—2 yr=") fluxes, d physical and hydrological responses. The panels depict (from top
to bottom), the active layer depth (m), soil moisture in surface soils at 0.01-0.3 m and deeper down (0.5-1.9 m) depths (m3 m—3), and soil temperature
(°C) at three soil depths (0.01, 0.3 and 0.8 m), e total microbial biomass down to 0.85m depth (units of In gCm~2), and f the biomass ratio of
saprotrophic fungi to heterotrophic bacteria (aerobic + facultative heterotrophs) in the top 20 cm of soil.
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Table 2 Perturbation scenarios over the 21st century.

Scenario name Perturbation Depth % OM Year
of burn combustion of fire?

RCP8.5-no_fire CFb N/A N/A N/A

Mild 1 CF + Fire 5cm 25% 2007
Mild 2 CF + Fire 5cm 25% 2080
Moderate 1 CF + Fire 1cm 50% 2007
Moderate 2 CF + Fire Mcm 50% 2080
Severe 1 CF + Fire 16 cm 85% 2007
Severe 2 CF + Fire 16 cm 85% 2080

aAll simulations are run between 1900 and 2100, and the fire is initiated in the first year of each
focal length period. The analyses below may represent a focal length of 20-years post-fire, or
out to 2100.

bCF: Climate Forcing: represents the predicted changes in air temperature, radiative forcing,
precipitation, atmospheric CO,, relative humidity, and atmospheric deposition of reactive
nitrogen species (NO3~, NH4%) under an RCP8.5 climate scenario.

Soil carbon stock recovery post-fire
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Fig. 3 Total soil organic carbon loss (g2C m—2) and recovery trajectory for
the period 20 years post-fire. The panel shows both the fire initiated in
2007 (solid lines) and the fire initiated in 2080 (dashed lines). For
comparison, the carbon loss measured by Mack et al. (2011),

mean * standard error, under the actual severe Anaktuvik tundra fire is
illustrated, showing very good consistency with the modeled value in the
prescribed high-severity fire scenario.

recovery in the case of mild and moderate 2007 fires matched
prefire NPP by 2060. The severe-fire NPP remained below prefire
levels for the remainder of the 21st Century. In both the early-
century fire scenarios, graminoids led the post-fire plant
community recovery, and in the year following fires comprised
nearly all of the vegetation productivity (Fig. 4b.i, ii). Shrubs re-
established more slowly in the case of both early- and late-century
fires (Fig. 4b). However, increased rapidly as a proportion of the
community in the decades post-fire. Under the early-century fire
scenario, shrub expansion occurred earlier than under the
RCP8.5-no-fire scenario. The timing of this expansion was
dependent on the severity of the fire, with expansion occurring
quicker after severe fires. Shrubs, in particular deciduous shrubs,
dominated plant community composition by the end of the 21st
century. The moss PFT was decimated by the fire, and took nearly
30 years to re-establish as a contributor to community NPP. In
the case of the late-century fires, graminoids dominated the
reestablished community, while shrubs grew quickly over the next
decade.

The transfer entropy approach identified several factors that
contributed to the post-fire recovery of community NPP
(Supplementary Fig. 3b, c), some of which differed from the
factors identified under the baseline RCP8.5 scenario, and
differed between the early- and late-century fires. Notably,
nutrient availability and uptake is critical for re-establishment
of vegetation post-fire (Supplementary Fig. 4). Nutrient avail-
ability depends on soil moisture and temperature (particularly in
the surface soil), which promotes the activity of several microbial
groups decomposing organic matter, thereby liberating nitrogen
and phosphorus. Furthermore, nitrogen fixation increases in all
cases following fire (see below). For early-century fires, NPP is
influenced by snowpack depth and active layer depth, which
affects post-fire nutrient cycling. NPP recovery following late-
century fire is sensitive to changes deeper in the soil profile,
including soil moisture and temperature at depths greater than
0.5 m, indicating that nutrient acquisition that aids NPP recovery
occurs from deeper in the soil profile (Supplementary Fig. 4).

Fire effects on 21st century soil moisture and temperature.
ALD deepened by up to 0.2m in the 8 years following an early
century fire (Supplementary Fig. 5). However, over the first two
years post-fire the ALD was shallower than the baseline
RCP8.5 scenario. Mean annual soil moisture and temperatures
also increased, and remained higher than the baseline even as the
active layer deepened over the following years (between 2- and
8-years post-fire). These thaw depth dynamics are consistent with
data collected at the Anaktuvuk River site post-fire. Modeled soil
moisture and temperature maintain dynamic responses for sev-
eral years post-fire and before stabilizing a decade after a fire
(Supplementary Fig. 5a). Indeed, excursions from the
RCP8.5 scenario in the ALD, soil moisture, and temperature are
also apparent for the next two decades following the fire.

Despite a much deeper active layer by 2080, the onset of fire
caused a consistent deepening of ALD (Supplementary Fig. 5b),
which continued for two decades following the fire. This
deepening was particularly notable under the most severe fire,
where ALD deepened 0.2 m by 2100. Much smaller differences
between fire severity scenarios were modeled for soil moisture
and temperature. However, fire caused annual fluctuations
through 2100 in soil moisture and temperature relative to the
baseline RCP8.5 scenario.

Fire effects on the 21st century soil microbial community and
nutrient cycling. The simulated changes in vegetation, soil
hydrology, and temperature discussed above result in changes in
the structure of the belowground microbial community. Notably,
fire reduces the abundance of saprotrophic fungi by ~30%
between 5 and 20 cm depth, vacating a niche that the fast-
growing heterotrophic bacteria fill (Fig. 5). Within warmer, more
nutrient-rich shallow (0-5cm) soils, a long-term change in
microbial composition is noted, whereby the heterotrophic bac-
teria dominate the microbial community over the next century,
under both the mild and severe fire scenario (Fig. 6a). However,
deeper into the soil profile (~10 cm) heterotrophic bacteria are
outcompeted by saprotrophic fungi 10 years post fire (Fig. 6b).
The decline in saprotrophic fungi following the end-of-century
fire prompts the rapid growth of heterotrophic bacteria taking
advantage of the elevated organic matter and nutrient availability
(Fig. 5iii/iv). This rapid change in community composition
decreases the community C:N ratio from an average of ~8.5 to
6.6, indicative of a microbial community dominated by bacteria
(Supplementary Fig. 6). The rapid growth of the heterotrophic
bacteria and subsequent SOM decomposition releases inorganic
nitrogen and phosphorus (Supplementary Figs. 7b, and 8b), and
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encourages the growth of autotrophic and heterotrophic organ-
isms involved in nutrient cycling.

Fire creates conditions that lead to ecosystem nutrient losses
through Organic matter combustion, NH; volatilization and
runoff of nitrogen and phosphorus species!®>2 that would have
ordinarily been retained in microbial or plant biomass (Supple-
mentary Figs. 7 and 8). These losses drive selection for microbial
groups involved in catalyzing the input and transformation of
different nitrogen species, as noted by a post-fire peak in their
abundance, in particular in abundance and distribution of
diazotrophic bacteria (Fig. 7). Lower nitrogen inventories provide
a niche for diazotrophic bacteria capable of fixing atmospheric
nitrogen to NH,T. The diazotrophs showed the largest relative
increases and spatial colonization, post fire, relative to other

N-cycling groups (Fig. 7). These responses occurred regardless of
fire severity or timing of fire onset (ie., early or late century,
Fig. 7). However, fire severity and timing impacted the recovery
of nitrogen-fixation post-fire. For example, a mild severity fire
early in the century showed a rapid return to prefire nitrogen
fixation rates (Supplementary Fig. 9), however, a severe fire at the
same time point shows no recovery of nitrogen fixation to prefire
levels in the two decades post-fire (Fig. S9b). By contrast,
following a severe fire late in the century (ignited in 2080),
nitrogen fixation not only recovers quickly but also increases
beyond nitrogen fixation rates within unburned soils.

The elevated diazotrophic biomass persisted for longer than
both the NH,t- and NO,-oxidizing functional groups. How-
ever, in the decades following fire, the biomass of all nitrogen
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cycling organisms generally declined (Fig. 7). This trend was
consistent with the baseline RCP8.5-no-fire scenario, which
showed a decline in biomass of nitrogen-cycling organisms
(Fig. 7b). This decline was arrested by the ignition of a late-
century fire, which open the niche for nitrogen cycling functional
groups. The elevated activity of diazotrophs and soil bacterial
heterotrophs increased soil NH, T concentrations (Supplementary
Fig. 7b), which stimulated NH, " -oxidation and, in turn, NO, -
oxidizing bacteria. The accumulation of NO;™ is subsequently
denitrified, elevating N,O production (Fig. 8).

Discussion

High-latitude tundra systems face an unprecedented increase in
fire frequency and intensity over the 21st Century coupled to
ongoing climate warming®°3. Each fire event represents an acute
disturbance to the tundra landscape, and leads to large soil carbon
losses!?, long-term shifts in vegetation and microbial community
composition1820:22.33 " and soil hydrology and temperature.
However, the intensification of fire events occurs against a
backdrop of ongoing climate change®*°, and the future impact
of climate on ecosystem responses to fire disturbances remains a
critical knowledge gap. Herein, we used observations from the
2007 fire at Anaktuvuk River, Alaska, as the basis for evaluating
model performance and developing model simulations to exam-
ine how disturbance from fire affects long-term changes in eco-
system dynamics, soil microbial processes, and tundra carbon
cycling. We then use the model algorithms to explore the
underlying mechanisms responsible for these dynamics.

Long-term climate responses. In the absence of fire, model
simulations predict the site will remain a carbon sink throughout
the 21st Century under an RCP8.5 climate scenario. This result is
consistent with pan-Alaska®} and pan-Arctic simulations®® that,
despite regional differences, predict a continuing carbon sink
within the Arctic over the next 100 years. These modeled carbon
sinks are maintained by a large non-linear increase in NPP over
the century, which offsets elevated heterotrophic respiration. The
elevated NPP is predominantly attributable to the growth of
graminoids and the expansion of shrubs, which become the
dominate PFT by mid-century. Shrub expansion is attributable to
elevated air temperature and increased soil nutrient availability3°.
The latter stems from increased organic matter depolymerization
and mineralization under warming soils that release both nitro-
gen and phosphorus®”. Furthermore, warming and increased soil
moisture can deepen the active layer, the latter through increasing
thermal conductance*? and precipitation heat content**. A dee-
pening active layer can enhance microbial decomposition of
newly accessible organic matter>® and release previously frozen
inorganic and organic nutrients, which can be assimilated by
tundra plants®®-6! directly and through mycorrhizal symbionts®2.
Indeed, nutrient uptake from permafrost soils has previously been
shown to promote a shift in community composition from
graminoid-dominated towards shrub-dominated ecosystems®3.
The expansion of shrubs across tundra ecosystems is consistent
with both observational evidence343>64 and model simulations®.
At the northern Anaktuvuk River site, evergreen shrubs were
observed and modeled to be significant contributors to ecosystem
biomass and NPP at the beginning of the 21st century and after the
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Fig. 6 Changes in heterotrophic bacterial and saprotrophic biomass over time. This figure provides the trajectory of microbial biomass (gC m—2) at two
different depths, a 4 and b 10 cm between 2000 and 2100, respectively. As for Fig. 5, depicted are the 20 years post fire for (i) the mild fire scenario and
(ii) the severe fire scenario between 2007 and 2028, and (iii) the mild fire scenario and (iv) the severe fire scenario between 2078 and 2100.

onset of wildfire!”. The initial simulated evergreen shrub expansion
is consistent with recent studies®>, and could be attributable to
relatively low post-fire nutrient availability, which favors the more
conservative strategy of evergreen shrubs>®%7. In ecosys, evergreen
shrub traits imply a more conservative PFT that are slower growing
and have slower leaf turnover. In contrast, deciduous shrubs have
more rapid leaf turnover, higher nutrient uptake capacity, and
more efficient nutrient remobilization, all of which produce
competitive advantages under more nutrient rich conditions. Over
time, post-fire nutrient cycling accelerates and taller deciduous
shrubs increase in abundance, driving shrub expansion, consistent
with recent observational?4 and simulation studies*®.

Long-term climate-fire interactions. Measured and modeled
post-fire recovery of the plant community occurred rapidly.
Graminoids, in particular, recover rapidly following fire, almost
reverting to prefire NPP a few years later. While the lack of
competition from evergreen and deciduous shrubs likely facil-
itates this recovery, increased nitrogen and phosphorus avail-
ability immediately following the fire alleviates nutrient
limitation, at least temporarily, allowing for quicker recovery of
PFTs possessing traits that lead to more rapid nutrient uptake and
thereby growth. This mechanism has support from measurements
following the Anaktuvuk River site fire!” and observed initial
increases in graminoid abundance within nutrient fertilization
experiments®®. Shrubs take longer to re-establish in the years
following fire relative to graminoids. However, for severe fires
occurring earlier in the century, enhanced shrub growth (ie.,
evergreen + deciduous shrubs) was modeled to occur approxi-
mately a decade earlier than under the RCP8.5-no_fire scenario,

and notably, shrub growth is far quicker towards the end of the
century. Under the RCP8.5-no_fire scenario, shrubs contribute
more to community NPP than graminoids by 2100 (52% from
shrubs, 44% from graminoids). By contrast, after the onset of a
severe fire early in the century, shrubs contribute 70% of com-
munity NPP, relative to 28% contributed by graminoids by 2100.
The mild-severity fire also resulted in enhanced shrub expansion,
and by 2100, the contribution of shrubs to community NPP
increased relative to graminoids (59% from shrubs, 39% from
graminoids) under the early-century fire severity scenario. Similar
responses in shrub expansion have previously been observed
following tundra fire under similar conditions to those modeled
here®22.

The factors influencing modeled NPP recovery show com-
monalities between fires of different severity occurring over the
same time period (i.e., either at the beginning or the end of the
21st century). The most important variables supporting NPP
recovery, as identified by our information entropy approach,
include soil moisture content, nutrient availability, and plant
nutrient assimilation (Supplementary Fig. 4). While these factors
are likely coupled, nutrient availability is a strong control on
primary productivity in tundra communities®8%9. A large loss of
nutrients, which can occur post-fire as a result of combustion,
increased run-off, or volatilization!®7%71, can slow ecosystem
recovery within these nutrient limited systems. We modeled large
dissolved inorganic nitrogen losses, primarily in post-fire runoff,
alongside more moderate concentrations of dissolved organic
nitrogen. How ecosystems reestablish nutrient cycling post-
disturbance is critical to the recovery of ecosystem function and
maintaining a balance between plant assimilation and microbial
transformation”?.
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The role of belowground communities in ecosystem recovery.
Several studies have developed conceptual theories concerning
ecosystem recovery from disturbance’>~74. For example, Rastetter
et al.”2, identify three distinct phases in ecosystem recovery that
are underpinned by nutrient availability. This framework
encompasses the transition through quasi-steady states post-
disturbance toward a steady state. The initial recovery is largely
dependent on the openness of the nutrient cycles, which deter-
mines the proportion of nutrients passed from soils to vegetation
rather than being exported.

Our simulations show that hydrological and gaseous nitrogen
losses are at their highest in the years after fire disturbance,
indicating an open nitrogen cycle in the absence of vegetation.
This dynamic is consistent with the first stage of ecosystem
recovery’? whereby vegetation assimilation remains low during
regrowth. A more open nitrogen cycle is also consistent with
observations of nutrient export made at burned and unburned
regions across the Anaktuvuk site’’. Combustion of aboveground

and belowground biomass diminishes competition between
vegetation and the microorganisms that rapidly colonize the
burned soils. In the years following fire, bacterial heterotrophs
(i.e., aerobic + facultative) dominate OM mineralization after
most of the saprotrophic fungi is burned away. This successional
pattern has ramifications for the rate of carbon and nutrient
cycling. In ecosys, relative to the fungal saprotrophs, bacterial
heterotrophs have faster growth rates and a lower C:N biomass,
resulting in a higher rate of OM turnover and lower necromass
contribution to organic matter accumulation. These modeled
traits also facilitate the heterotrophic competitive advantages
early in succession. Such a shift is consistent with a recent
conceptual framework that hypothesizes consistency between
plant and microbial responses to fire, notably with an initial post-
fire colonization by fast-growing bacteria”>.

Vegetation recovery following fire is facilitated by nitrogen and
phosphorus made available by bacterial heterotrophic miner-
alization of existing soil organic matter. In nitrogen-limited
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tundra, with low inputs through atmospheric deposition and
nitrogen fixation’, recycling of organic matter and release of
inorganic nutrients is the dominant pathway through which
nutrients are made available for plant assimilation’’. Diazo-
trophic microorganisms also respond rapidly following fire,
increasing in biomass across the soil profile. However, nitrogen
fixation remains far too low to account for the large modeled
increase in soil nitrogen post-fire, and annual rates of nitrogen
fixation are approximately two orders of magnitude lower than
the post-fire peak in NH,t availability. This is consistent with
recent observations’87° that conclude that nitrogen fixation is a
minor contributor to balancing the nitrogen cycle after tundra
disturbances. In our simulations, diazotrophic abundance
increased following fire because of their facultative capabilities.
While diazotrophs are modeled to fix nitrogen when it is scarce,
they retain the capacity to take it up from the surrounding
environment when available3?. Following fire, modeled diazo-
trophs benefit from reduced competition for nitrogen from plants
and fungi, and expand their niche by fixing nitrogen while also
assimilating available NH,* following mineralization.

Increasing NH,T concentrations post-fire also stimulates
nitrification, increasing the production of more mobile NO;™.
NO;~ accumulation in the soil is ephemeral because it is rapidly
lost hydrologically and subject to uptake by tundra plants8l.
Observations support the modeled increase in nitrification rates
following fire32-84. Our simulations also suggest a long-term
disturbance to the nitrogen cycle, whereby nitrification is elevated
for several decades following fire, consistent with observations
from ecosystems that are not adapted to stand-replacing fires®3.
The drop in nitrifying microbial biomass occurs as competition
for NH,* increases concomitant with vegetation growth, as the
ecosystem transitions towards a quasi-steady state as nutrient
cycles close, and a balance between plant assimilation and
microbial immobilization is reached.

Ecosystem response to early-century fire. Despite a modeled
NPP recovery following fire consistent with observations!’, the
full recovery of vegetation NPP and biomass takes several decades
under mild fire conditions, and did not fully recover under the
severe early-century burn scenario by 2100. This impact on

vegetation is reflected in the soil carbon stocks, which do not
recover to pre-disturbance levels by 2100 under all modeled early-
century fire severity scenarios. This is consistent with previous
studies simulating the soil carbon response to the ANF8°. Soil
nutrient accumulation post-fire continues over the century;
however, nitrogen concentrations remain lower than under the
climate-only scenario, showing that fire results in a long-term
deficit of nitrogen. Furthermore, tundra ecosystems continue to
lose inorganic nitrogen hydrologically over the century following
a severe fire (Supplementary Fig. 7). These results suggests that a
steady state in nitrogen balance takes more than a century to
attain for these ecosystems, although the modeled increases in
inorganic nitrogen losses later in the century also interact with
warming increased decomposition rates and nutrients losses.
Indeed, Mack et al.l>, estimated that the Anaktuvuk River fire
caused the loss of 400 years of accumulated ecosystem nitrogen.
Our simulations show that replenishment of such nitrogen stocks
could be further compromised by a warming climate.

Ecosystem response to late-century fire. The ecosystem that
burns in 2080 is notably different from the 2007 landscape in two
main regards. First, as discussed earlier, shrub abundance (in
terms of contribution to total biomass and NPP) increased over
the century, and is slightly higher relative to the graminoids by
2080. Second, and related to the elevated shrub abundance, soil
nitrogen and phosphorus concentrations are significantly higher
by 2080. Large increases in soil nutrient concentrations stem from
several pathways. First, the mineralization of organic matter
within the shallow soil is enhanced by increasing soil and air
temperatures®®37. Second, modeled abrupt deepening of the ALD
after 2060 exposed ancient organic matter previously sequestered
in permafrost, which can be rapidly mineralized, yielding nutri-
ents that are available for plant uptake®. Third, the model pre-
dicts an increasing snowpack depth over the century, and the
resulting higher winter soil temperatures (from ~—9 °C in 2000 to
~0°C in 2080) encourage microbial growth and activity
throughout the winter time, which has previously been shown to
be an important time period for the release of nutrients33-89 and
uptake by plants®0. In addition to faster, more open nutrient
cycles in the late 21st Century, a notable relative decline in soil
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moisture occurs ~3 years following fire, which permits further
oxygenation of the soil, thereby increasing microbial activity®l.
The accelerated nitrogen cycle that emerges towards the end of
the century and higher availability of inorganic nitrogen leads to
larger N,O emissions post-fire. The highest N,O emissions
(1.3%x 102 gN m~2) occur under a mild fire scenario (Fig. 8b),
which limits the combustion of the microbial community and
leads to a prolonged period of wetter soil, creating a niche for
denitrifying organisms.

The higher prefire nutrient concentrations at the end of the
century partly explain the more rapid recovery of the vegetation
community to disturbance. Under these circumstances, an
equilibrium between microbial immobilization and vegetation
nutrient demand is reached quickly, facilitating the restoration of
soil carbon stocks following a mild fire within two decades. Plant
communities following fire are dominated by graminoids, with a
slower recovery of shrub communities. Compared with the early-
century simulations, shrubs increase more rapidly as a proportion
of the total vegetation community the decade following a fire due
to elevated nutrient availability selecting for plants with higher
nitrogen use efficiency, allowing for higher carbon fixation
relative to nitrogen uptake.

Conclusion. The simulations presented here clearly show
microbially-dependent nutrient controls on the recovery of tun-
dra ecosystems and progression of community development post-
fire. These microbial and plant successional trajectories are strong
functions of competitor dynamics represented in ecosys. The
ramifications of early-century fire persist for several decades post-
fire and shape vegetation community development and the bal-
ance of nutrient losses and retention. However, over the next
century, tundra warming will likely accelerate soil nutrient
cycling, increasing nutrient availability, and hastening ecosystem
recovery. Ignoring microbial dynamics, and plant-microbe
interactions, likely increases the uncertainty of tundra carbon
cycle interactions with climate change.

The outbreak of fire within the tundra of the North Slope of
Alaska is an extremely rare event!>40. Indeed, there is little
evidence for fire in this region over the previous 6000 years>3%2.
However, tundra fire return intervals are predicted to increase
over the next century®3. A combination of interrelated factors
appears responsible for an increasing rate of return, including the
declining extent of sea-ice coverage®, increasingly warm and dry
grow seasons?, and the elevated frequency of lightning strikes®
largely responsible for tundra wildfires!!. How communities
recover post-wildfire depends upon this rate of return, which can
shape the distribution of fire-resistant traits within plant® and,
potentially, microbial communities?. However, recovery is also
dependent on ecosystem nutrient retention and recycling post-
fire, which enables plant growth. Our simulations show full
recovery of plant productivity within four decades of the ANF
event, and this recovery could be quicker still?#. This indicates
that aboveground communities recover rapidly albeit with an
alternative stable state in which shrubs increasingly dominate the
successional community. By contrast, belowground recovery is
much slower, particularly following severe fires. Modeled carbon
stocks take many decades to recover, consistent with empirical
estimates!®. Increasing the rate of wildfire return within these
systems could further undermine the stability of these organic
matter stocks, reducing the available organic matter that is a large
source of available nutrients, and reduce the efficacy of recovery
of aboveground systems.

Materials and methods
Site description. The model (described below in detail) was parameterized and
benchmarked against data derived from one of the largest tundra fires in recent

record, the Anaktuvuk River Fire (ANF)!517, Anaktuvuk River is located on
Alaska’s North Slope (68.5838°N, 149.7178°W), and is underlain by continuous
permafrost. The mean annual temperature is —10 °C, with a range of —15°C in
winter to 12 °C in summer, which the mean annual precipitation is ~ 30 cm, with a
third falling as snow!>. The ANF was ignited by a summer lightning strike in July
20072347, Several factors, including record high temperatures, and record low
rainfall contributed to the size and severity of the fire. The fire burned 1039 km?2 of
tundra, with 80 % being of moderate to severe burn!>47.

Model description and set-up. To address the preceding questions we apply a
well-tested mechanistic ecosystem model, ecosys, which simulates the inter-
dependent physical, hydrological, and biological processes that govern ecosystem
responses to perturbation. The model, which includes mechanistic representations
of carbon, water, nitrogen, and phosphorus dynamics in plants and soils, has been
successfully applied in dozens of sites around the world, with many studies
focusing on high-latitude ecosystems*!~4>. 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 step. Surface energy and water
exchanges drive soil heat and water transfers to determine soil temperatures and
water contents. 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 transpiration. Atmospheric warming increases surface heat
advection, soil heat transfers, and hence active layer depth. Finally, ecosys repre-
sents 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 warming.

Below we outline some of the model features that are pertinent to the
current study.

Microbial community structure. Microbial communities are represented in ecosys
as eleven distinct functional groups across each modeled soil layer®-%7. The
composition of the microbial community is affected by competition between the
functional groups, which represent a collection of different traits related to sub-
strate acquisition and the thermodynamics of different metabolisms. Aerobic
heterotrophic bacteria and saprotrophic fungi couple decomposition of the DOC
pool to O, as a primary electron acceptor, which drives heterotrophic respiration
(Rp). Ry, can be constrained by soil temperature and soil water content (see below),
O, and substrate availability, and microbial stoichiometry (C:N:P). The microbial
groups undergo maintenance respiration (R,,) dependent on microbial stoichio-
metry (C:N) and soil temperature. Ry, in excess of R,, is used in growth respiration
(Ry), whereby the energy yield (AG) drives the growth of biomass (M) from sub-
strate uptake according to the energy requirements of biosynthesis. Finally,
microbial mortality (D,,) occurs either under a first order decay rate, and when R,,
is in excess of R,. Microbial biomass (M) is determined by the difference between
DOC uptake and loss from R,,, Ry, and D,,.

Alternative electron acceptors are also represented in the model, whereby R;, not
coupled to O, proceeds through the sequential reduction of nitrate (NO3™) to
gaseous nitrogen (N,) (i.e., denitrification: NO;~ —NO,~ — N,O — Ny), or the
reduction of organic carbon through fermentation or acetotrophic methanogenesis.
Of these anaerobic bacteria, the denitrifying bacteria are represented as facultative
anaerobes (i.e., able to utilize both O, and reduced N compounds as electron
acceptors). The rate limiting step of the redox nitrogen cycle is represented as a
two-step chemolithoautotrophic reaction whereby ammonium (NH4*) is oxidized
to nitrite (NO, ™), which is oxidized to NO; ™. N,O is a potential byproduct of this
pathway under circumstances where the two components of the reaction are
uncoupled. The NH, ™ that initiates the nitrogen cycle is provided through new
sources of N, atmospheric deposition or nitrogen fixation, or recycled nitrogen
from organic matter (OM) mineralization. Free-living diazotrophs are represented
by both aerobic and anaerobic bacteria, which allocate R, partially towards the
fixation of atmospheric N,. Methane (CH,) production and oxidation are
represented in the model by hydrogenotrophic and acetoclastic methanogens and
chemolithoautotrophic methane oxidizers.

Within the soil environment all microbial groups seek to maintain minimal
stoichiometric ratios (i.e., C:N or C:P) through the mineralization and uptake of
dissolved organic nitrogen, and phosphorus, NH,*, NO;~, and H,PO,, thus
competing with plant roots and mycorrhizal uptake and affecting soil solution
concentrations of these compounds. Free-living diazotrophs fix aqueous N, under
conditions where assimilation of N-compounds is insufficient to maintain their
minimal C:N®0.

OM in each soil layer is represented by several OM-microbial complexes of
various thermodynamic favorability and availability to microbial heterotrophs?®.
Of particular relevance to this study are the two SOM pools denoted “active” and
“passive”. The active pool is further resolved into components of variable
thermodynamic potential; protein, carbohydrate, cellulose, and lignin. The passive
SOM pool represents mineral-OM interactions, and is divided into two pools
representing compounds reversibly sorbed onto mineral surfaces, and those
stabilized onto surfaces. Sorption to mineral surfaces is calculated by a Freudlich
isotherm. Microbial decomposition products (e.g., C, N, or P) from organic matter-
microbial complexes are gradually stabilized into more recalcitrant organic
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compounds with lower C:N and C:P ratios. Products from lignin hydrolysis
combine with some of the products of protein and carbohydrate hydrolysis in the
litterfall and are transferred to the particular organic matter complex.

The parameter values for each group are provided in Supplementary Material,
however, in qualitative terms heterotrophic bacteria growing on simple DOC
compounds while using O, as an electron acceptor generally increase in biomass
faster than other bacteria due to a larger energy yield from the redox reaction. By
contrast, facultative anaerobes such as denitrifiers grow at a slower rate than
obligate aerobes when using O, as an electron acceptor, due to intracellular trade-
offs that permit growth coupled to the reduction of different nitrogen compounds.
Fungi show similar thermodynamic energetics to heterotrophic bacteria in terms of
decomposition of organic compounds using O, as an electron acceptor, but a
slightly lower efficiency of biomass production, and a higher metabolic
stoichiometry100,

Finally, in addition to soil nutrient availability, the growth and activity of the
microbial functional groups are further constrained by soil temperature and soil
water content®”. Microbial substrate hydrolysis and oxidation by heterotrophic
groups is sensitive to soil temperature according to a modified Arrhenius function
with upper and lower temperature constraints®’.

Plant functional types. Ecosys represents multiple canopy and soil layers allowing
for mechanistic Plant Functional Type (PFT) competition for light, water, and
nutrients. The model represents various PFT traits that are distinct between plants,
including specific leaf area, leaf clumping, turnover, optical properties, foliar
nutrient content and retention, and root hydraulic conductivity. Differences in
growth rate and nutrient acquisition and conservation strategies drive different
competitive strategies, through differential allocation of non-structural carbon,
nitrogen, and phosphorus to different plant organs dependent on PFT°. This
allocation determines leaf area, canopy height, and belowground allocation pat-
terns, which, in turn, determine interception of direct and diffuse radiation across
each canopy layer, and competition for nutrients and water through allocation to
roots, which shapes their length and density. Nutrient competition is further
influenced by belowground allocation to mycorrhizal fungi. Most PFTs engage
fungal partners, many explicitly as mycorrhizae, which exchange soil nutrients
(e.g., N and P) for photosynthetic carbon. Mycorrhizae have larger surface area to
volume ratios than plant roots, enabling greater uptake of soil nutrients and water.

The collection of traits determines competition between different PFT's for light
and nutrients through the allocation and investment of carbon in leaves, stems, and
roots. Four PFTs are represented in the current study based on previous
observations from the Anaktuvuk River site: graminoids (similar to Eriophorum
vaginatum), evergreen shrubs (Ledum palustre), deciduous shrubs (Betula nana),
and nitrogen-fixing mosses (Hylocomium splendens). A full account of the different
traits associated with these PFTs has been published recently?’. Briefly, the
deciduous shrubs are represented as having a greater specific leaf area and lower
leaf clumping than evergreen shrubs, leading to greater light interception. The
deciduous shrubs all have full annual leaf turnover, whereas evergreen shrubs
retain their leaves year-round. Nutrient conservation under litterfall is driven by
carbon, nitrogen, and phosphorus recycling coefficients, which increase with non-
structural C:N ratios*>. Higher nutrient remobilization (N and P) is modeled for
evergreen shrubs relative to deciduous shrubs, allowing evergreens to better
compete in nutrient limited environments>0:67,

Evergreen shrubs are represented as the most conservative PFT, with a relatively
slow water uptake due to higher axial hydraulic resistance, slower leaf turnover,
and slower plant growth. By contrast, deciduous shrubs have faster nitrogen and
water uptake, due to a lower axial resistivity, resulting in a less conservative and
more rapid growth strategy relative to evergreen shrubs?%:67. Deciduous shrubs are
also better competitors under more nutrient rich conditions, but have a more rapid
leaf turnover. However, the leaf nutrient concentrations are dynamic and
dependent on nutrient availability, which feeds back onto modeled carboxylation
rates and electron transport. Greater investment in nutrient uptake drives higher
CO, fixation rate in deciduous, relative to evergreen, shrubs®.

Model initialization and testing. We first initialized the model at the Anaktuvuk
River site using published data for soil and vegetation properties!>17:23:47, Eleven
soil layers were represented to a depth of 2 m. Soil properties across the soil layers
were initialized with attributes from the Unified North America Soil Map!?l, and
measured site specific values for edaphic factors (bulk density, soil pH, sand, silt
and clay content, depth to groundwater!>23) and vegetation!”. Soil organic carbon
was initialized with the Northern Circumpolar Soil Carbon Database!, with
additional input from recent publications!?.

It should also be noted that a recent application of ecosys at a tundra site in
Utgiagvik, Alaska, USA (71.3°N, 156.5°W) showed concordance between modeled
and observed processes (Grant et al.102), including CO, (R?=0.7-0.9) and CH,
(R2~0.9) fluxes, LAI (|bias| = 0.01-0.35 m? m~2), and plant biomass (|bias| =
0.08-19.6 gC m~2); landscape-scale latent (R2 = 0.71-0.77), and sensible
(R? = 0.78-0.88) heat fluxes; soil temperatures (RZ = 0.92); active layer depth
(RMSE = 2-5 cm), and soil moisture (RMSE = 0.05-0.09 m3 m—3). We also
analyze 25 km resolution simulations across the North America (NA) tundra in
which ecosys accurately reproduced observed inter-annual variability in LAI spatial
patterns (R? = 0.71), long-term mean annual GPP (R? =0.78) (41), and active layer

depth from 28 Circumpolar Active Layer Monitoring sites (R = 0.63;
RMSE = 10 cm) (Mekonnen et al.).

Model simulations. To produce a realistic starting ecosystem state, spin-up
simulations were run from 1900 to 2000 under dynamic climate, atmospheric CO,
concentrations!3, and nitrogen deposition!?4. The atmospheric forcing data (i.e.,
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 (NOLA) National Centers for Envir-
onmental Prediction (NCEP) Global Reanalysis!?>. Where possible these model
drivers were supplemented by site-specific data. The fire and climate perturbations,
starting in 2000 following spin-up, were derived from the representative con-
centration pathways 8.5 (RCP8.5) scenario obtained from ensemble projections,
downscaled and averaged from 15 CMIP models. RCP8.5 is broadly consistent with
global emissions between 2006 and 2017. Fire disturbances were prescribed either
in 2007 or 2080 during the RCP8.5 scenario (Table 2). The modeled depths of burn
and extent of organic matter combustion for six fire severity scenarios were taken
from a previously published dataset®! (Table 2).

Statistical analysis. The correlation between observational benchmarks and site
simulations were assessed using a root mean square error test. Significant differ-
ences between variables (e.g., changes in soil carbon, net primary productivity, etc.)
were tested using an analysis of variance test. Finally, we used an information
theory approach (transfer entropy*®); to examine directional impacts from one
variable (e.g., soil nutrient cycling) to another (e.g., net primary productivity).
These relationships were inferred by Shannon information entropy (H) and its
transfer (TE) (unit bits), as previously described!°.

H=- t:il p(x;)log,p(x;)

POy X))

X PO Y1 Xiy)log, 20 i)

Vidior iy

Ty,y=

where p(x) is Probability Density Function (PDF) of x, p(y;,)i.1,X;) is the joint PDF
of the current time step y;, previous time step of y;, and jth time step before x;. p(y; |
YivXij) and p(y; | 71.1) denote conditional PDF of the corresponding variables. For
example, the information entropy transfer from plant photosynthesis processes to
soil heterotrophic respiration processes (Ry) is then calculated as Shannon entropy
reduction (uncertainty reduction) of present Ry given the historical net primary
productivity (NPP) records and also excluded the influence from previous time
step Ryy. The significant threshold of transfer entropy from GPP to Ry is identified
by first randomly shuffling NPP and Ry time series, then calculating the shuffled
transfer entropy, assuming the randomly shuffled breaks the dependency between
NPP and Ry. Variables included in this analysis are NPP, nutrient concentrations
(NH, T, NO;~, PO,37), plant nutrient uptake, soil carbon concentration, total
microbial biomass, aerobic heterotrophic biomass (0.1 and 0.5 m), saprotrophic
biomass (0.1 and 0.5 m), air temperature, soil temperature, soil moisture content
(0.1, 0.5, 0.85 m), active layer depth, and snowpack depth.

Data availability

The model runs, and scripts used to generate the figures and analyze the data are publicly
available at the ESS-DIVE repository (https://ess-dive.lbl.gov/) at https://doi.org/
10.15485/1670465.

Code availability
The ecosys model is available for download, https:/github.com/jinyunltang/ECOSYS,
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