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Tundra ecosystems have experienced an increased frequency of fire in recent decades, and this 11 

trend is predicted to continue throughout the 21st Century. Post-fire recovery is underpinned by 12 

complex interactions among microbial functional groups that drive nutrient cycling post-fire. 13 

Here we use a mechanistic model to demonstrate an acceleration of the nitrogen cycle post-fire 14 

driven by changes in niche space and microbial competitive dynamics. We show that over the 15 

first 5-years post-fire, fast-growing bacterial heterotrophs colonize regions of the soil previously 16 

occupied by slower-growing saprotrophic fungi. The bacterial heterotrophs mineralize organic 17 

matter, releasing organic and inorganic nutrients into the soil. This pathway outweighs new 18 

sources of nitrogen and facilitates the recovery of plant productivity. We broadly show here that 19 

while consideration of distinct microbial metabolisms related to carbon and nutrient cycling 20 

remains rare in terrestrial ecosystem models, they are important when considering the rate of 21 

ecosystem recovery post-disturbance and the feedback to soil nutrient cycles on centennial 22 

timescales.  23 

 24 

Introduction  25 

The vast organic matter stocks in arctic permafrost soils (~1,000 PgC in the top 3 m 1–3) have the 26 

potential to contribute positively to rising atmospheric carbon dioxide concentrations and the 27 

carbon-climate feedback. Air temperatures in Arctic regions are currently warming at twice the 28 

global average rate (0.6 °C per decade)4, which can stimulate microbial decomposition and 29 

accelerate the turnover of the soil organic matter (SOM) stocks to greenhouse gases (CO2, CH4, 30 

and N2O). However, rising air temperatures also drive increased drought5, higher vapor pressure 31 

deficits6,7, and lightning8, contributing to an increased frequency and intensity of tundra fires9–11.  32 

Fires represent a significant disturbance to high-latitude ecosystems. The aftermath of a fire 33 

alters the surface energy balance12; alters soil hydrodynamics13,14; reduces soil carbon stocks, 34 

including ancient carbon previously sequestered within permafrost15; increases soil nutrient 35 

losses16; and causes shifts in plant and microbial community composition17,18. Depending on fire 36 

severity and depth of the burn, fire ramifications on ecosystem thermal, chemical, and biological 37 

features can be apparent for several decades post-fire12,19. However, how abrupt disturbances, 38 

such as fire, shape ecosystem responses to climate change, including to soil carbon stocks, 39 

remains uncertain.  40 
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Broad impacts of fire on tundra plant communities have been reasonably well characterized17,20–41 
22, and differences in recovery have been demonstrated for vascular plants and cryptogams (e.g., 42 

moss and lichen)17. Shrubs and graminoids regenerate quite rapidly from soil seed banks, and 43 

increase in abundance post-fire21,23. However, the timescale for recovery differs between the two 44 

plant types, with rapid recovery shown for graminoids17, relative to shrubs, which can take more 45 

than a decade to reestablish22. However, fires have also been shown to elevate shrub expansion 46 

relative to pre-fire conditions, hastening transitions that would otherwise take decades22. 47 

Cryptogams, by contrast, have no fire survival strategies, and tend to be decimated by fire24. 48 

Their recovery is often very slow due to a need for recolonization post-fire via airborne spores 49 

originating from unburned regions.  50 

Belowground, fire acts as a direct disturbance to microbial communities through heat-induced 51 

mortality and shifting community composition in the upper soil layers25–27. Fire also acts on the 52 

microbial community indirectly by changing nutrient availability28, and the quality and quantity 53 

of carbon sources29, shaping the metabolic diversity of belowground communities18. Microbes 54 

also differ in their sensitivity to fire and recovery post-fire, whereby bacteria recover more 55 

quickly relative to fungi27,30,31. However, Hewitt et al.32 noted that, while increasingly severe fire 56 

reduces the relative abundance of fungal taxa, mycorrhizal fungi can become more resilient to 57 

fire through the resprouting life-history of tundra shrubs maintaining an inoculum source post-58 

fire32. Recovery of microbial communities post-fire is critical to organic matter decomposition 59 

and nutrient cycling and availability, which drives vegetation recovery. However, the sequence 60 

of events that facilitate a reversion to ecosystem steady-state post-fire, including the links 61 

between microbial and plant communities, remain difficult to demonstrate empirically. In 62 

addition to the effects of fire, shrub expansion under a warming climate33,34 can change the 63 

composition of belowground communities35. Shrubs tend to produce litter with higher carbon to 64 

nitrogen ratios, encouraging the growth of fungi with lower nitrogen requirements relative to 65 

bacteria36. This pattern is important as the role fungi play in soil carbon cycling can be distinct 66 

from that of bacteria, partly because fungi produce chemically recalcitrant biomass, which slows 67 

rates of decomposition37. Therefore, climate-fire interactions that shape vegetation and microbial 68 

community composition will feedback on the tundra carbon cycle38,39.  69 

Here we apply observations and a well-tested mechanistic model to address the question of how 70 

disturbance from a tundra fire interacts with longer-term climate perturbations (i.e., warming, 71 

increasing CO2 concentrations, and elevated precipitation). We focus our model experiments on 72 

one of the largest tundra fires on record, the 2007 Anaktuvuk River Fire, Alaska, which was 73 

likely caused by lightning and exacerbated by record high summer temperatures and record low 74 

summer precipitation23,40,41. The present study simulates the ecosystem responses to, and 75 

recovery from, that fire. We initially parameterize and benchmark the model using the available 76 

data built up around this well-studied fire15,17,23,41,42. Once benchmarked, we conduct modeling 77 

experiments to address three main questions: (1) What are the long-term ramifications of fire 78 

disturbance against the backdrop of ongoing climate change across the 21st century? (2)  What 79 

role does the belowground microbial community play in enabling the recovery of the 80 

aboveground plant community? (3) How does recovery post-wildfire differ between an early 21st 81 

century graminoid dominated ecosystem, and a late century shrub-dominated ecosystem with 82 

high shrub abundance? 83 

Results: 84 
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We next describe: (1) model testing at the Anaktuvuk River site; (2) 21st century carbon and 85 

nitrogen cycling in the absence of fire; (3) fire effects on 21st century carbon cycling; (4) fire 86 

effects on 21st century soil moisture and temperature; and (5) fire effects on 21st century 87 

belowground microbial community structure and nutrient cycling. 88 

Model testing at the Anaktuvuk River site: We evaluated the model against data collected from 89 

the severe 2007 Anaktuvuk River fire. Data was collected on plant community metrics17, soil 90 

carbon15, and site physical factors23. Figure 1 shows agreement between measured and simulated 91 

values (normalized Root Mean Square Error (RMSE) = 0.037). The model replicated the annual 92 

net primary productivity (NPP) of the ecosystem before (~200 ± 40 g m-2 yr-1) and 4 years after 93 

(~160 ± 10 g m-2 yr-1) the fire. Further, the model performed well in replicating the NPP of 94 

individual PFTs (Fig. 1, S2a), with graminoids making up approximately 60% of the vegetation 95 

(observation: ~125 gC m-2 yr-1; simulation: 120 ± 40 gC m-2 yr-1) prior to fire, and shrubs 96 

accounting for most of the remainder (observation: 75 gC m-2 yr-1; simulation: 75 ± 20 gC m-2 yr-97 
1; Fig. S2a). Non-vascular plants were present but represented a small (~ 3 %) fraction of NPP in 98 

observations and the simulation. Pre-fire total (to 0.2 m depth) soil carbon content reported for 99 

this site ranged from 2,842 gC m-2 to nearly 20 kgC m-2 (depending on the depth of the soil 100 

organic layer, which ranged from 12.3 to 43.3 cm). The simulated pre-fire 0 - 20 cm depth soil 101 

carbon content is 6,320 ± 355 gC m-2, which is consistent with a reported value of 7682 ± 766 102 

gC m-2 from 0 - 21.5 cm depth15. Total modeled soil carbon concentration from 0 - 1 m depth 103 

was 42.3 kgC m-2. Finally, thaw depth pre- and post-fire was accurately modeled compared to 104 

the observations (Fig.1, S2b).  105 

 106 

 107 

 108 
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Figure 1: The model runs were benchmarked by comparison to observational data taken before 109 

and either one or four years after the 2007 Anaktuvik severe fire. The benchmarks include net 110 

primary productivity (total and PFT specific), active layer depth pre- and post-fire, and soil 111 

carbon stocks. The NPP data are separately reported for the unburned ecosystem (blue circles) 112 

and post-fire plots (green circles). For ease of visualization, the figure provides comparisons 113 

between the normalized data; individual benchmark comparisons are provided in the 114 

supplemental material (Figs. S2).  115 

These results, and previously described evaluations of the model against diurnal, seasonal, and 116 

inter-annual variability of high-latitude ecosystems with39 and without fire43–46, and the review of 117 

previous comparisons provided above, demonstrate that ecosys provides a reasonable 118 

representation of tundra ecosystems, and can be extended to our 21st century model experiments.  119 

21st century carbon and nitrogen cycling in the absence of fire: We first evaluated the site 120 

responses under the baseline RCP8.5 scenario (Table 2), which did not have fire. Over the 21st 121 

century the site NPP more than doubled, from ~200 gC m-2 yr-1 to ~530 gC m-2 yr-1 (Fig. 2a), and 122 

despite a large increase in ecosystem respiration (heterotrophic + autotrophic) became a stronger 123 

net sink for atmospheric carbon (Fig. 2b). Increased shrub abundance and growth, particularly of 124 

evergreen shrubs, were simulated throughout the 21st century and accounted for much of the 125 

elevated NPP by 2100.   126 

 127 

 128 

 129 

Figure 2: Ecosystem trajectories under the baseline RCP8.5-no_fire scenario for the period 2000 130 

to 2100. The panels show (a) changes in net primary productivity (gC m-2) for the total plant 131 

ecosystem and by plant functional type, (b) net biome productivity (gC m-2 yr-1), (c) soil carbon 132 

stocks (gC m-2) and methane (gC m-2 yr-1) and nitrous oxide (gN m-2 yr-1) fluxes, (d) physical and 133 

hydrological responses. The panels depict (from top to bottom), the active layer depth (m), soil 134 
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moisture in surface soils at 0.01-0.3 m and deeper down (0.5-1.9 m) depths (m3 m-3), and soil 135 

temperature (oC) at three soil depths (0.01, 0.3 and 0.8 m), (e) total microbial biomass down to 136 

0.85 m depth (units of ln gC m-2), and (f) the biomass ratio of saprotrophic fungi to heterotrophic 137 

bacteria (aerobic + facultative heterotrophs) in the top 20 cm of soil. 138 

Consistent with the stronger ecosystem sink by 2100, soil carbon slightly increased over time, 139 

accumulating (0.67 kgC m-2; 1.5%) by 2100. Methane emissions increase over the 21st Century 140 

but remained low, while nitrous oxide (N2O) production generally becomes more variable over 141 

time (Fig. 2b), alongside an increase in soil nitrogen concentrations, yet does not show a clear 142 

trajectory of increasing emissions. The active layer depth increases slowly to 50 cm at year 2060 143 

before deepening more rapidly to ~90 cm by the end of the century. Corresponding increases in 144 

soil moisture were simulated, with a slow increase in the shallower soil (surface to ~0.3 m 145 

depth), and a rapid increase at approximately 0.5 m in line with a drop in the ALD (Fig. 2c). 146 

Towards the end of the century, as the ALD deepens beyond 1 m, soil moisture at depth also 147 

increases rapidly. Soil temperature demonstrates a similar response, increasing over time from an 148 

annual average of -2 ℃ within surface soils, to a temperature of +3 ℃ by the end of the century 149 

(Fig. 2c). 150 

Increasing thaw depth, soil carbon, temperature, and moisture provided additional niches for 151 

growth and activity of microorganisms. Over the 21st Century under the RCP8.5 scenario, 152 

microbial biomass increased (Fig. 2d), notably within surface soils, but also at depth (> 0.5 m) 153 

concurrent with increasing thaw depth. Within the 0 - 0.2 m depth interval, much of the 154 

simulated increases were attributable to increasing fungal biomass, concordant with increasing 155 

shrub biomass and a lower litter quality (C:N ratio), that resulted in a higher fungal:bacterial 156 

biomass ratio over time (Fig. 2e).  157 

The transfer entropy approach adopted here identifies the most important factors leading to the 158 

annual increases in simulated ecosystem NPP. Notably, nutrient cycling and plant assimilation 159 

are critical to plant NPP throughout the century (Fig. S3a/b). Additional factors contributing to 160 

increased NPP include increased snowpack depth, soil moisture, and soil temperature. These 161 

factors all contribute to increased root and mycorrhizal growth and microbial mineralization 162 

responsible for nutrient release.   163 

Fire effects on 21st century carbon cycling: We next evaluated how pulsed perturbation (fires of 164 

various severities) impact this tundra ecosystem under a continuing RCP8.5 press perturbation 165 

(climate change). These fire perturbations were applied during two timeframes: (i) early in the 166 

century (during 2007) under a graminoid-dominated ecosystem, and (ii) later in the century (in 167 

2080) when woody shrubs dominate ecosystem biomass. Fire prescribed in both 2007 and 2080 168 

significantly reduced soil carbon stocks through combustion by a maximum of ~2,400 gC m-2 169 

under the severe fire conditions, and less under moderate (1400 gC m-2) and mild (550 gC m-2) 170 

severity fires (Fig 3). The severe fire modeled values are consistent with observed values of net 171 

carbon loss of 2,016 gC m-2 measured a year following the actual Anaktuvik severe 2007 fire15. 172 

The recovery of modeled soil carbon stocks in the 20 years post-fire showed clear differences 173 

between fires initiated in 2007 and in 2080, and between fires of different severity. Following a 174 

fire of mild-severity ignited in 2080 soil carbon stocks equilibrated to pre-fire conditions after 8 175 

years, and thereafter exceeded initial conditions (Fig 3b). By contrast, soil carbon stocks burned 176 

in all the other fire simulations did not return to pre-fire conditions 20 years post fire (Fig 3a). 177 
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However, soil carbon stocks following late-century moderate and severe fires rebounded to their 178 

new quasi-steady condition more rapidly than those following early century fires.    179 

 180 

 181 

 182 

Figure 3: Total soil organic carbon loss (gC m-2) and recovery trajectory for the period 20 years 183 

post-fire. The panel shows both the fire initiated in 2007 (solid lines) and the fire initiated in 184 

2080 (dashed lines). For comparison, the carbon loss measured by Mack et al. (2011), under the 185 

actual severe Anaktuvik tundra fire is illustrated, showing very good consistency with the 186 

modeled value in the prescribed high-severity fire scenario.     187 

Net primary productivity decreased more strongly following late- than early-century fires (Fig. 188 

4a). Notably, the post-fire recovery in the case of mild and moderate 2007 fires matched pre-fire 189 

NPP by 2060. The severe-fire NPP remained below pre-fire levels for the remainder of the 21st 190 

Century. In both the early-century fire scenarios, graminoids led the post-fire plant community 191 

recovery, and in the year following fires comprised nearly all of the vegetation productivity (Fig. 192 

4b.i, ii). Shrubs re-established more slowly in the case of both early- and late-century fires (Fig. 193 

4b). Under the early-century fire scenario, shrub expansion occurred earlier than under the 194 

baseline RCP8.5 scenario without fire, and dominated community composition to a greater 195 

extent by the end of the 21st Century, particularly under the severe fire scenario. The moss PFT 196 

was decimated by the fire, and took nearly 30 years to re-establish as a contributor to community 197 

NPP. In the case of the late-century fires, graminoids dominated the reestablished community, 198 

while shrubs, in contrast to the early-century simulations, took almost a decade to re-establish.  199 
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 200 

 201 

 202 

Figure 4: Net primary productivity (gC m-2 yr-1) post-fire under different scenarios of fire 203 

severity and timing. Panels show the total NPP (annual mean ± standard error) difference from 204 

the baseline run under the RCP8.5 scenario. (a) NPP responses under mild, moderate, and severe 205 

fires. (b) broken down by plant functional type for (i) a mild, and (ii) severe fire initiated in 206 

2007, and for a (iii) mild and (iv) severe fire initiated in 2080. Changes in PFT NPP for panels 207 

(iii) and (iv) cover years 2080 - 2100 (i.e., the 20 years post-fire).   208 

The transfer entropy approach identified several factors that contributed to the post-fire recovery 209 

of community NPP (Fig. S3b, c), some of which differed from the factors identified under the 210 

baseline RCP8.5 scenario, and differed between the early- and late-century fires. Notably, 211 

nutrient availability and uptake is critical for re-establishment of vegetation post-fire (Fig. S4). 212 

Nutrient availability depends on soil moisture and temperature (particularly in the surface soil), 213 

which promotes the activity of several microbial groups decomposing organic matter, thereby 214 

liberating nitrogen and phosphorus. Furthermore, nitrogen fixation increases in all cases 215 

following fire (see below). For early-century fires, NPP is influenced by snowpack depth and 216 

active layer depth, which affects post-fire nutrient cycling. NPP recovery following late-century 217 

fire is sensitive to changes deeper in the soil profile, including soil moisture and temperature at 218 

depths greater than 0.5 m, indicating that nutrient acquisition that aids NPP recovery occurs from 219 

deeper in the soil profile (Fig. S4).  220 

Fire effects on 21st century soil moisture and temperature: ALD deepened by up to 0.2 m in the 221 

8 years following an early century fire (Fig. S5). However, over the first two years post-fire the 222 

ALD was shallower than the baseline RCP8.5 scenario. Mean annual soil moisture and 223 

temperatures also increased, and remained higher than the baseline even as the active layer 224 

deepened over the following years (between 2- and 8-years post-fire). These thaw depth 225 

dynamics are consistent with data collected at the Anaktuvuk River site post-fire. Modeled soil 226 

moisture and temperature maintain dynamic responses for several years post-fire and before 227 

stabilizing a decade after a fire (Fig. S5a). Indeed, excursions from the RCP8.5 scenario in the 228 

ALD, soil moisture, and temperature are also apparent for the next two decades following the 229 

fire.    230 
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Despite a much deeper active layer by 2080, the onset of fire caused a consistent deepening of 231 

ALD (Fig. S5b), which continued for two decades following the fire. This deepening was 232 

particularly notable under the most severe fire, where ALD deepened 0.2 m by 2100. Much 233 

smaller differences between fire severity scenarios were modeled for soil moisture and 234 

temperature. However, fire caused annual fluctuations through 2100 in soil moisture and 235 

temperature relative to the baseline RCP8.5 scenario.    236 

Fire effects on the 21st century soil microbial community and nutrient cycling: The simulated 237 

changes in vegetation, soil hydrology, and temperature discussed above result in changes in the 238 

structure of the belowground microbial community. Notably, fire reduces the abundance of 239 

saprotrophic fungi by ~30% between 5 and 20 cm depth, vacating a niche that the fast-growing 240 

heterotrophic bacteria fill (Fig. 5). Within warmer, more nutrient-rich shallow (0 – 5 cm) soils, a 241 

long-term change in microbial composition is noted, whereby the heterotrophic bacteria 242 

dominate the microbial community over the next century, under both the mild and severe fire 243 

scenario (Fig 6a). However, deeper into the soil profile (~10 cm) heterotrophic bacteria are 244 

outcompeted by saprotrophic fungi 10 years post fire (Fig. 6b). The decline in saprotrophic fungi 245 

following the end-of-century fire prompts the rapid growth of heterotrophic bacteria taking 246 

advantage of the elevated organic matter and nutrient availability (Fig. 5.iii/iv). This rapid 247 

change in community composition decreases the community C:N ratio from an average of ~8.5 248 

to 6.6, indicative of a microbial community dominated by bacteria (Fig. S6). The rapid growth of 249 

the heterotrophic bacteria and subsequent SOM decomposition releases inorganic nitrogen and 250 

phosphorus (Fig. S7b, S8b), and encourages the growth of autotrophic and heterotrophic 251 

organisms involved in nutrient cycling. 252 

 253 
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 254 

 255 

 256 

Figure 5: Percentage change in microbial biomass carbon (each column shows a different 257 

microbial functional group) under the four 21st century fire scenarios, and long-term trajectory of 258 

the heterotrophic community (bacteria + fungi). In the contour plots in columns (a) – (c), the 259 

colors represent the percent change in microbial biomass relative to the baseline RCP8.5-no_fire 260 

simulations. Depicted are the 20 years post fire for (i) the mild fire scenario and (ii) the severe 261 

fire scenario between 2007 - 2028, and (iii) the mild fire scenario and (iv) the severe fire scenario 262 

between 2078 - 2100. Note: the percentage change color bars are specific to each panel. The red 263 

lines in each contour figure represent the depths depicted in figure 6. 264 
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 265 

 266 

 267 

Figure 6: The trajectory of the microbial biomass (gC m-2) at two different depths, (a) 4 and (b) 268 

10 cm depth between 2000 and 2100, respectively. As for figure 5, depicted are the 20 years post 269 

fire for (i) the mild fire scenario and (ii) the severe fire scenario between 2007 - 2028, and (iii) 270 

the mild fire scenario and (iv) the severe fire scenario between 2078 - 2100. 271 

Fire creates conditions that lead to ecosystem nutrient losses through NH3 volatilization and 272 

runoff of nitrogen and phosphorus species that would have ordinarily been retained in microbial 273 

or plant biomass (Fig. S7, S8). These losses drive selection for microbial groups involved in 274 

catalyzing the input and transformation of different nitrogen species, as noted by a post-fire peak 275 

in their abundance, in particular in abundance and distribution of diazotrophic bacteria (Figs. 7). 276 

Lower nitrogen inventories provide a niche for diazotrophic bacteria capable of fixing 277 

atmospheric nitrogen to NH4
+. The diazotrophs showed the largest relative increases and spatial 278 

colonization, post fire, relative to other N-cycling groups (Fig. 7). These responses occurred 279 

regardless of fire severity or timing of fire onset (i.e., early or late century, Fig. 7). However, fire 280 

severity and timing impacted the recovery of nitrogen-fixation post-fire. For example, a mild 281 

severity fire early in the century showed a rapid return to pre-fire nitrogen fixation rates (Fig. 282 

S9), however, a severe fire at the same time point shows no recovery of nitrogen fixation to pre-283 

fire levels in the two decades post-fire (Fig S9b). By contrast, following a severe fire late in the 284 

century (ignited in 2080), nitrogen fixation not only recovers quickly but also increases beyond 285 

nitrogen fixation rates within unburnt soils.  286 
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The elevated diazotrophic biomass persisted for longer than both the NH4
+- and NO2

--oxidizing 287 

functional groups. However, in the decades following fire, the biomass of all nitrogen cycling 288 

organisms generally declined (Fig. 7). This trend was consistent with the baseline RCP8.5-no-289 

fire scenario, which showed a decline in biomass of nitrogen-cycling organisms (Fig. 7b). This 290 

decline was arrested by the ignition of a late-century fire, which open the niche for nitrogen 291 

cycling functional groups. The elevated activity of diazotrophs and soil bacterial heterotrophs 292 

increased soil NH4
+ concentrations (Fig. S7b), which stimulated NH4

+-oxidation and, in turn, 293 

NO2
--oxidizing bacteria. The accumulation of NO3

- is subsequently denitrified. 294 

   295 

 296 

Figure 7: Changes relative to the baseline RCP8.5-no_fire scenario in the biomass (gC m-2) of 297 

nitrogen cycling organisms, NH4
+ and NO2

- oxidizers, facultative denitrifying bacteria, and 298 

diazotrophic bacteria under different fire scenarios for the period spanning 2000-2100. Panels 299 

show the same depth range (0 - 0.45 m) and temporal scale (2000 - 2100) for the mild fire 300 

severity (left side), and the severe fire (right side panels). Panels depict (a) biomass of four 301 

microbial functional groups over the century for a fire ignited in 2007, (b) microbial biomass 302 
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over the RCP8.5 simulations until the onset of fire in 2080.  Red arrows along the x-axis indicate 303 

the year fire was initiated. The biomass of each organism represents the difference between the 304 

total microbial biomass over time. 305 

 306 

 307 

Figure 8: Trace gas fluxes under the six fire scenarios for (a) early-century fire (ignited in 2007), 308 

and (b) late-century fire (ignited in 2080). Gas fluxes (CO2, N2O, CH4) were normalized to the 309 

baseline RCP8.5-no_fire simulation to depict the impact of fire. Note that the timescales for 310 

panels (a) (years 2000 - 2100) and (b) (years 2075 - 2100) are different. Note: positive values for 311 

gas fluxes represent emissions from the soil.  312 

 313 

Discussion: 314 

High-latitude tundra systems face an unprecedented increase in fire frequency and intensity over 315 

the 21st Century coupled to ongoing climate warming8,47. Each fire event represents an acute 316 

disturbance to the tundra landscape, and leads to large soil carbon losses15, long-term shifts in 317 

vegetation and microbial community composition18,20,22,32, and soil hydrology and temperature. 318 

However, the intensification of fire events occurs against a backdrop of ongoing climate 319 

change48,49, and the future impact of climate on ecosystem responses to fire disturbances remains 320 

a critical knowledge gap. Herein, we used observations from the 2007 fire at Anaktuvuk River, 321 

Alaska, as the basis for evaluating model performance and developing model simulations to 322 

examine how disturbance from fire affects long-term changes in ecosystem dynamics, soil 323 

microbial processes, and tundra carbon cycling. We then use the model algorithms to explore the 324 

underlying mechanisms responsible for these dynamics. 325 

Long-term climate responses: In the absence of fire, model simulations predict the site will 326 

remain a carbon sink throughout the 21st Century under an RCP8.5 climate scenario. This result 327 

is consistent with pan-Alaska50 and pan-Arctic simulations51 that, despite regional differences, 328 

predict a continuing carbon sink within the Arctic over the next 100 years. These modeled 329 
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carbon sinks are maintained by a large non-linear increase in NPP over the century, which offsets 330 

elevated heterotrophic respiration. The elevated NPP is predominantly attributable to the growth 331 

of graminoids and a growing contribution of evergreen and deciduous shrubs, particularly after 332 

2060. Shrub expansion is attributable to elevated air temperature and increased soil nutrient 333 

availability35. The latter stems from increased organic matter depolymerization and 334 

mineralization under warming soils that release both nitrogen and phosphorus52. Furthermore, 335 

warming and increased soil moisture can deepen the active layer, the latter through increasing 336 

thermal conductance46 and precipitation heat content53. A deepening active layer can enhance 337 

microbial decomposition of newly accessible organic matter54 and release previously frozen 338 

inorganic and organic nutrients, which can be assimilated by tundra plants55–57  directly and 339 

through mycorrhizal symbionts58. Indeed, nutrient uptake from permafrost soils has previously 340 

been shown to promote a shift in community composition from graminoid-dominated towards 341 

shrub-dominated ecosystems59.  342 

However, while there exists observational evidence33,34,60 and model simulations43 for the 343 

expansion of shrubs across tundra ecosystems, the majority of these studies attribute the 344 

expansion to deciduous shrubs, such as dwarf shrubs or willow34. At the northern Anaktuvuk 345 

River site, evergreen shrubs were observed and modeled to be significant contributors to 346 

ecosystem biomass and NPP at the beginning of the 21st century17, and modeled to increase over 347 

time. The simulated evergreen shrub expansion is consistent with recent studies61,62, and could be 348 

attributable to relatively low nutrient availability at this site relative to other tundra ecosystems, 349 

which favors the more conservative strategy of evergreen shrubs35,63. In ecosys, evergreen shrub 350 

traits imply a more conservative plant functional type (PFT) that are slower growing and have 351 

slower leaf turnover. In contrast, deciduous shrubs have more rapid leaf turnover, higher nutrient 352 

uptake capacity, and more efficient nutrient remobilization, all of which produce competitive 353 

advantages under more nutrient rich conditions. In previous work, we found that deciduous 354 

shrubs emerge as the dominant shrub further south in Alaska39. 355 

This shift towards an evergreen shrub dominated ecosystem is relevant as they play contrasting 356 

ecological roles relative to deciduous shrubs63,64. While taller deciduous shrubs increase snow 357 

depth65, which can potentially accelerate carbon cycling66,67, evergreen shrubs do not deepen 358 

snowpack, produce more recalcitrant litter, and have been predicted to increase soil carbon 359 

stocks, feeding back negatively on climate change64.   360 

Long-term climate-fire interactions: Measured and modeled post-fire recovery of the plant 361 

community occurred rapidly. Graminoids, in particular, recover rapidly following fire, almost 362 

reverting to pre-fire NPP a few years later. While the lack of competition from evergreen and 363 

deciduous shrubs likely facilitates this recovery, increased nitrogen and phosphorus availability 364 

immediately following the fire alleviates nutrient limitation, at least temporarily, allowing for 365 

more rapid recovery of these PFTs with traits that lead to more rapid nutrient uptake and thereby 366 

growth. This mechanism has support from measurements following the Anaktuvuk River site 367 

fire17 and observed initial increases in graminoid abundance within nutrient fertilization 368 

experiments68. Shrubs take longer to re-establish in the years following fire relative to 369 

graminoids. However, for severe fires occurring earlier in the century, enhanced shrub growth 370 

(i.e., evergreen + deciduous shrubs) was modeled to occur approximately 5 years earlier than 371 

under the RCP8.5-no_fire scenario, and notably, shrub growth is far quicker towards the end of 372 

the century. Under the RCP8.5-no_fire scenario, shrubs contribute more to community NPP than 373 
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graminoids by 2100 (52% from shrubs, 44% from graminoids). By contrast, after the onset of a 374 

severe fire early in the century, shrubs contribute 64% of community NPP, relative to 31% 375 

contributed by graminoids by 2100. The mild-severity fire did not result in enhanced shrub 376 

growth. However, by 2100, the contribution of shrubs to community NPP increased relative to 377 

graminoids (58% from shrubs, 40% from graminoids) under both early-century fire severity 378 

scenarios. Similar responses in shrub expansion have previously been observed following tundra 379 

fire under similar conditions to those modeled here8,22.  380 

The factors influencing modeled NPP recovery show commonalities between fires of different 381 

severity occurring over the same time period (i.e., either at the beginning or the end of the 21st 382 

century). The most important variables supporting NPP recovery, as identified by our 383 

information entropy approach, include soil moisture content, nutrient availability, and plant 384 

nutrient assimilation (Fig. S4). While these factors are likely coupled, nutrient availability is a 385 

strong control on primary productivity in tundra communities68,69. A large loss of nutrients, 386 

which can occur post-fire as a result of combustion, increased run-off, or volatilization16,70,71, can 387 

slow ecosystem recovery within these nutrient limited systems. We modeled large dissolved 388 

inorganic nitrogen losses, primarily in post-fire runoff, alongside more moderate concentrations 389 

of dissolved organic nitrogen. How ecosystems reestablish nutrient cycling post-disturbance is 390 

critical to the recovery of ecosystem function and maintaining a balance between plant 391 

assimilation and microbial transformation72.  392 

The role of belowground communities in ecosystem recovery: Several studies have developed 393 

conceptual theories concerning ecosystem recovery from disturbance72–74.  For example, 394 

Rastetter et al.,72 identify three distinct phases in ecosystem recovery that are underpinned by 395 

nutrient availability. This framework encompasses the transition through quasi-steady states 396 

post-disturbance towards a steady-state. The initial recovery is largely dependent on the 397 

openness of the nutrient cycles, which determines the proportion of nutrients passed from soils to 398 

vegetation rather than being exported.  399 

Our simulations show that hydrological and gaseous nitrogen losses are at their highest in the 400 

years after fire disturbance, indicating an open nitrogen cycle in the absence of vegetation. This 401 

dynamic is consistent with the first stage of ecosystem recovery72 whereby vegetation 402 

assimilation remains low during regrowth. A more open nitrogen cycle is also consistent with 403 

observations of nutrient export made at burned and unburned regions across the Anaktuvuk 404 

site70. Combustion of aboveground and belowground biomass diminishes competition between 405 

vegetation and the microorganisms that rapidly colonize the burned soils. In the years following 406 

fire, bacterial heterotrophs (i.e., aerobic + facultative) dominate OM mineralization after most of 407 

the saprotrophic fungi is burned away. This successional pattern has ramifications for the rate of 408 

carbon and nutrient cycling. In ecosys, relative to the fungal saprotrophs, bacterial heterotrophs 409 

have faster growth rates and a lower C:N biomass, resulting in a higher rate of OM turnover and 410 

lower necromass contribution to organic matter accumulation. These modeled traits also 411 

facilitate the heterotrophic competitive advantages early in succession. Such a shift is consistent 412 

with a recent conceptual framework that hypothesizes consistency between plant and microbial 413 

responses to fire, notably with an initial post-fire colonization by fast-growing bacteria75.   414 

Vegetation recovery following fire is facilitated by nitrogen and phosphorus made available by 415 

bacterial heterotrophic mineralization of existing soil organic matter. In nitrogen-limited tundra, 416 

with low inputs through atmospheric deposition and nitrogen fixation76, recycling of organic 417 
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matter and release of inorganic nutrients is the dominant pathway through which nutrients are 418 

made available for plant assimilation77. Diazotrophic microorganisms also respond rapidly 419 

following fire, increasing in biomass across the soil profile. However, nitrogen fixation remains 420 

far too low to account for the large modeled increase in soil nitrogen post-fire, and annual rates 421 

of nitrogen fixation are approximately two orders of magnitude lower than the post-fire peak in 422 

NH4
+ availability. This is consistent with recent observations78,79 that conclude that nitrogen 423 

fixation is a minor contributor to balancing the nitrogen cycle after tundra disturbances. In our 424 

simulations, diazotrophic abundance increased following fire because of their facultative 425 

capabilities. While diazotrophs are modeled to fix nitrogen when it is scarce, they retain the 426 

capacity to take it up from the surrounding environment when available80. Following fire, 427 

modeled diazotrophs benefit from reduced competition for nitrogen from plants and fungi, and 428 

expand their niche by fixing nitrogen while also assimilating available NH4
+ following 429 

mineralization.  430 

Increasing NH4
+ concentrations post-fire also stimulates nitrification, increasing the production 431 

of more mobile NO3
-. NO3

- accumulation in the soil is ephemeral because it is rapidly lost 432 

hydrologically and subject to uptake by tundra plants81. Observations support the modeled 433 

increase in nitrification rates following fire82–84. Our simulations also suggest a long-term 434 

disturbance to the nitrogen cycle, whereby nitrification is elevated for several decades following 435 

fire, consistent with observations from ecosystems that are not adapted to stand-replacing fires83. 436 

The drop in nitrifying microbial biomass occurs as competition for NH4
+ increases concomitant 437 

with vegetation growth, as the ecosystem transitions towards a quasi-steady state as nutrient 438 

cycles close, and a balance between plant assimilation and microbial immobilization is reached.  439 

Ecosystem response to early-century fire: Despite a modeled NPP recovery following fire 440 

consistent with observations17, the full recovery of vegetation NPP and biomass takes several 441 

decades under mild fire conditions, and did not fully recover under the severe early-century burn 442 

scenario by 2100. This impact on vegetation is reflected in the soil carbon stocks, which do 443 

revert to pre-disturbance levels by 2100 under all modeled early-century fire severity scenarios. 444 

Soil nutrient accumulation post-fire continues over the century; however, nitrogen concentrations 445 

remain lower than under the climate-only scenario, showing that fire results in a long-term 446 

deficit of nitrogen. Furthermore, tundra ecosystems continue to lose inorganic nitrogen 447 

hydrologically over the century following a severe fire (Fig. S7). These results suggests that a 448 

steady state in nitrogen balance takes more than a century to attain for these ecosystems, 449 

although the modeled increases in inorganic nitrogen losses later in the century also interact with 450 

warming increased decomposition rates and nutrients losses. Indeed, Mack et al.,15 estimated that 451 

the Anaktuvuk River fire caused the loss of 400 years of accumulated ecosystem nitrogen. Our 452 

simulations show that replenishment of such nitrogen stocks could be further compromised by a 453 

warming climate.      454 

Ecosystem response to late-century fire: The ecosystem that burns in 2080 is notably different 455 

from the 2007 landscape in two main regards. First, as discussed earlier, shrub abundance (in 456 

terms of contribution to total biomass and NPP) increased over the century, and is slightly higher 457 

relative to the graminoids by 2080. Second, and related to the elevated shrub abundance, soil 458 

nitrogen and phosphorus concentrations are significantly elevated by 2080. Large increases in 459 

soil nutrient concentrations stem from several pathways. First, the mineralization of organic 460 

matter within the shallow soil is enhanced by increasing soil and air temperatures85,86. Second, 461 
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modeled abrupt deepening of the ALD after 2060 exposed ancient organic matter previously 462 

sequestered in permafrost, which can be rapidly mineralized, yielding nutrients that are available 463 

for plant uptake55. Third, the model predicts an increasing snowpack depth over the century, and 464 

the resulting higher winter soil temperatures (from ~ -9℃ in 2000 to ~ 0℃ in 2080) encourage 465 

microbial growth and activity throughout the winter time, which has previously been shown to 466 

be an important time period for the release of nutrients87,88 and uptake by plants89. In addition to 467 

faster, more open nutrient cycles in the late 21st Century, a notable relative decline in soil 468 

moisture occurs ~3 years following fire, which permits further oxygenation of the soil, thereby 469 

increasing microbial activity90. The accelerated nitrogen cycle that emerges towards the end of 470 

the century and higher availability of inorganic nitrogen leads to larger N2O emissions post-fire. 471 

The highest N2O emissions (1.3x10-2 gN m-2) occur under a mild fire scenario, which limits the 472 

combustion of the microbial community and leads to a prolonged period of wetter soil, creating a 473 

niche for denitrifying organisms. 474 

The higher pre-fire nutrient concentrations at the end of the century partly explain the more rapid 475 

recovery of the vegetation community to disturbance. Under these circumstances, an equilibrium 476 

between microbial immobilization and vegetation nutrient demand is reached quickly, 477 

facilitating the restoration of soil carbon stocks following a mild fire within two decades. Plant 478 

communities following fire are dominated by graminoids, with a slower recovery of shrub 479 

communities. Compared with the early-century simulations, shrubs increase more rapidly as a 480 

proportion of the total vegetation community the decade following a fire due to elevated nutrient 481 

availability selecting for plants with higher nitrogen use efficiency, allowing for higher carbon 482 

fixation relative to nitrogen uptake.  483 

Conclusion: The simulations presented here clearly show microbially-dependent nutrient 484 

controls on the recovery of tundra ecosystems and progression of community development post-485 

fire. These microbial and plant successional trajectories are strong functions of competitor 486 

dynamics represented in ecosys. The ramifications of early-century fire persist for several 487 

decades post-fire and shape vegetation community development and the balance of nutrient 488 

losses and retention. However, over the next century, tundra warming will likely accelerate soil 489 

nutrient cycling, increasing nutrient availability, and hastening ecosystem recovery. Ignoring 490 

microbial dynamics, and plant-microbe interactions, likely increases the uncertainty of tundra 491 

carbon cycle interactions with climate change. 492 

 493 

Materials and Methods 494 

Model description and set-up: To address the preceding questions we apply a well-tested 495 

mechanistic ecosystem model, ecosys, which simulates the interdependent physical, 496 

hydrological, and biological processes that govern ecosystem responses to perturbation. The 497 

model, which includes mechanistic representations of carbon, water, nitrogen, and phosphorus 498 

dynamics in plants and soils, has been successfully applied in dozens of sites around the world, 499 

with many studies focusing on high-latitude ecosystems44,46,50,53,91. Further information on model 500 

structure and performance in tundra ecosystems is available in the supplementary materials. 501 

Below we outline some of the model features that are pertinent to the current study.  502 
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Microbial community structure: Microbial communities are represented in ecosys as eleven 503 

distinct functional groups across each modeled soil layer92–94. The composition of the microbial 504 

community is affected by competition between the functional groups, which represent a 505 

collection of different traits related to substrate acquisition and the thermodynamics of different 506 

metabolisms. Aerobic heterotrophic bacteria and saprotrophic fungi couple decomposition of the 507 

DOC pool to O2 as a primary electron acceptor, which drives heterotrophic respiration (Rh). Rh 508 

can be constrained by soil temperature and soil water content (see below), O2 and substrate 509 

availability, and microbial stoichiometry (C:N:P). The microbial groups undergo maintenance 510 

respiration (Rm) dependent on microbial stoichiometry (C:N) and soil temperature. Rh in excess 511 

of Rm is used in growth respiration (Rg), whereby the energy yield (𝛥G) drives the growth of 512 

biomass (M) from substrate uptake according to the energy requirements of biosynthesis. Finally, 513 

microbial mortality (Dm) occurs either under a first order decay rate, and when Rm is in excess of 514 

Rh. Microbial biomass (M) is determined by the difference between DOC uptake and loss from 515 

Rm, Rg, and Dm.  516 

Alternative electron acceptors are also represented in the model, whereby Rh not coupled to O2 517 

proceeds through the sequential reduction of nitrate (NO3
-) to gaseous nitrogen (N2) (i.e., 518 

denitrification: NO3
- ➜NO2

- ➜ N2O ➜ N2), or the reduction of organic carbon through 519 

fermentation or acetotrophic methanogenesis. Of these anaerobic bacteria, the denitrifying 520 

bacteria are represented as facultative anaerobes (i.e., able to utilize both O2 and reduced N 521 

compounds as electron acceptors). The rate limiting step of the redox nitrogen cycle is 522 

represented as a two-step chemolithoautotrophic reaction whereby ammonium (NH4
+) is 523 

oxidized to nitrite (NO2
-), which is oxidized to NO3

-. N2O is a potential byproduct of this 524 

pathway under circumstances where the two components of the reaction are uncoupled. The 525 

NH4
+ that initiates the nitrogen cycle is provided through new sources of N, atmospheric 526 

deposition or nitrogen fixation, or recycled nitrogen from organic matter (OM) mineralization. 527 

Free-living diazotrophs are represented by both aerobic and anaerobic bacteria, which allocate Rg 528 

partially towards the fixation of atmospheric N2. Methane (CH4) production and oxidation are 529 

represented in the model by hydrogenotrophic and acetoclastic methanogens and 530 

chemolithoautotrophic methane oxidizers.  531 

Within the soil environment all microbial groups seek to maintain minimal stoichiometric ratios 532 

(i.e., C:N or C:P) through the mineralization and uptake of dissolved organic nitrogen (DON), 533 

and phosphorus (DOP), NH4
+, NO3

-, and H2PO4
-, thus competing with plant roots and 534 

mycorrhizal uptake and affecting soil solution concentrations of these compounds. Free-living 535 

diazotrophs fix aqueous N2 under conditions where assimilation of N-compounds is insufficient 536 

to maintain their minimal C:N80.     537 

OM in each soil layer is represented by several OM-microbial complexes of various 538 

thermodynamic favorability and availability to microbial heterotrophs95. Of particular relevance 539 

to this study are the two SOM pools denoted ‘active’ and ‘passive’. The active pool is further 540 

resolved into components of variable thermodynamic potential; protein, carbohydrate, cellulose, 541 

and lignin. The passive SOM pool represents mineral-OM interactions, and is divided into two 542 

pools representing compounds reversibly sorbed onto mineral surfaces96, and those stabilized 543 

onto surfaces. Sorption to mineral surfaces is calculated by a Freudlich isotherm. Microbial 544 

decomposition products (e.g., C, N, or P) from organic matter-microbial complexes are gradually 545 

stabilized into more recalcitrant organic compounds with lower C:N and C:P ratios. Products 546 
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from lignin hydrolysis combine with some of the products of protein and carbohydrate 547 

hydrolysis in the litterfall and are transferred to the particular organic matter (POM) complex.  548 

 549 

The parameter values for each group are provided in supplementary material, however, in 550 

qualitative terms heterotrophic bacteria growing on simple DOC compounds while using O2 as 551 

an electron acceptor generally increase in biomass faster than other bacteria due to a larger 552 

energy yield from the redox reaction. By contrast, facultative anaerobes such as denitrifiers grow 553 

at a slower rate than obligate aerobes when using O2 as an electron acceptor, due to intracellular 554 

trade-offs that permit growth coupled to the reduction of different nitrogen compounds. Fungi 555 

show similar thermodynamic energetics to heterotrophic bacteria in terms of decomposition of 556 

organic compounds using O2 as an electron acceptor, but a slightly lower efficiency of biomass 557 

production, and a higher metabolic stoichiometry97. 558 

Finally, in addition to soil nutrient availability, the growth and activity of the microbial 559 

functional groups are further constrained by soil temperature and soil water content94. Microbial 560 

substrate hydrolysis and oxidation by heterotrophic groups is sensitive to soil temperature 561 

according to a modified Arrhenius function with upper and lower temperature constraints94.  562 

Plant Functional Types: ecosys represents multiple canopy and soil layers allowing for 563 

mechanistic Plant Functional Type (PFT) competition for light, water, and nutrients. The model 564 

represents various PFT traits that are distinct between plants, including specific leaf area, leaf 565 

clumping, turnover, optical properties, foliar nutrient content and retention, and root hydraulic 566 

conductivity39. Differences in growth rate and nutrient acquisition and conservation strategies 567 

drive different competitive strategies, through differential allocation of non-structural carbon, 568 

nitrogen, and phosphorus to different plant organs dependent on PFT91. This allocation 569 

determines leaf area, canopy height, and belowground allocation patterns, which, in turn, 570 

determine interception of direct and diffuse radiation across each canopy layer, and competition 571 

for nutrients and water through allocation to roots, which shapes their length and density. 572 

Nutrient competition is further influenced by belowground allocation to mycorrhizal fungi. Most 573 

PFTs engage fungal partners, many explicitly as mycorrhizae, which exchange soil nutrients 574 

(e.g., N and P) for photosynthetic carbon. Mycorrhizae have larger surface area to volume ratios 575 

than plant roots, enabling greater uptake of soil nutrients and water.  576 

The collection of traits determines competition between different PFTs for light and nutrients 577 

through the allocation and investment of carbon in leaves, stems, and roots. Four PFTs are 578 

represented in the current study based on previous observations from the Anaktuvuk River site: 579 

graminoids (similar to Eriophorum vaginatum), evergreen shrubs (Ledum palustre), deciduous 580 

shrubs (Betula nana), and nitrogen-fixing mosses (Hylocomium splendens). A full account of the 581 

different traits associated with these PFTs has been published recently39. Briefly, the deciduous 582 

shrubs are represented as having a greater specific leaf area and lower leaf clumping than 583 

evergreen shrubs, leading to greater light interception. The deciduous shrubs all have full annual 584 

leaf turnover, whereas evergreen shrubs retain their leaves year-round. Nutrient conservation 585 

under litterfall is driven by carbon, nitrogen, and phosphorus recycling coefficients, which 586 

increase with non-structural C:N ratios91. Higher nutrient remobilization (N and P) is modeled 587 

for evergreen shrubs relative to deciduous shrubs, allowing evergreens to better compete in 588 

nutrient limited environments45,63.   589 
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Evergreen shrubs are represented as the most conservative PFT, with a relatively slow water 590 

uptake due to higher axial hydraulic resistance, slower leaf turnover, and slower plant growth. 591 

By contrast, deciduous shrubs have faster nitrogen and water uptake, due to a lower axial 592 

resistivity, resulting in a less conservative and more rapid growth strategy relative to evergreen 593 

shrubs39,63. Deciduous shrubs are also better competitors under more nutrient rich conditions, but 594 

have a more rapid leaf turnover. However, the leaf nutrient concentrations are dynamic and 595 

dependent on nutrient availability, which feeds back onto modeled carboxylation rates and 596 

electron transport. Greater investment in nutrient uptake drives higher CO2 fixation rate in 597 

deciduous, relative to evergreen, shrubs35.  598 

Model initialization and testing: We first initialized the model at the Anaktuvuk River site using 599 

published data for soil and vegetation properties15,17,23,41. Eleven soil layers were represented to a 600 

depth of 2 m. Soil properties across the soil layers were initialized with attributes from the 601 

Unified North America Soil Map (UNASM)98, and measured site specific values for edaphic 602 

factors (bulk density, soil pH, sand, silt and clay content, depth to groundwater15,23) and 603 

vegetation17. Soil organic carbon was initialized with the Northern Circumpolar Soil Carbon 604 

Database (NCSCD)1, with additional input from recent publications15.   605 

Model simulations: To produce a realistic starting ecosystem state, spin-up simulations were run 606 

from 1900 – 2000 under dynamic climate, atmospheric CO2 concentrations99, and nitrogen 607 

deposition100. The atmospheric forcing data (i.e., air temperature, precipitation, downward 608 

shortwave radiation, relative humidity, and wind speed) for each site were taken from the North 609 

American Regional Reanalysis (NARR), a long-term weather dataset originally produced at the 610 

National Oceanic and Land Administration (NOAA) National Centers for Environmental 611 

Prediction (NCEP) Global Reanalysis101. Where possible these model drivers were supplemented 612 

by site-specific data. The fire and climate perturbations, starting in 2000 following spin-up, were 613 

derived from the representative concentration pathways 8.5 (RCP8.5) scenario obtained from 614 

ensemble projections, downscaled and averaged from 15 CMIP models. RCP8.5 is broadly 615 

consistent with global emissions between 2006 and 2017. Fire disturbances were prescribed 616 

either in 2007 or 2080 during the RCP8.5 scenario (Table 1). The modeled depths of burn and 617 

extent of organic matter combustion for six fire severity scenarios were taken from a previously 618 

published dataset102 (Table 1). 619 

 620 

Table 1: Perturbation scenarios over the 21st Century. 1All simulations are run between 1900 to 621 

2100, and the fire is initiated in the first year of each focal length period. The analyses below 622 

may represent a focal length of 20-years post-fire, or out to 2100. 2CF: Climate Forcing: 623 

represents the predicted changes in air temperature, radiative forcing, precipitation, atmospheric 624 

CO2, relative humidity, and atmospheric deposition of reactive nitrogen species (NO3
-, NH4

+) 625 

under an RCP8.5 climate scenario. 626 

Scenario name Perturbation Depth of burn % OM 

combustion  

Year of fire1 

RCP8.5-no_fire CF2 N/A N/A N/A 

Mild 1 CF + Fire  5 cm 25 % 2007  

Mild 2 CF + Fire  5 cm 25 % 2080  

Moderate 1 CF + Fire 11 cm 50 % 2007  
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Moderate 2 CF + Fire 11 cm  50 % 2080 

Severe 1 CF + Fire 16 cm 85 % 2007 

Severe 2 CF + Fire 16 cm 85 %  2080 

 627 

 628 

Table 2: Years 2071 – 2100 average seasonal increases relative to current values (1981-2010) in 629 

maximum and minimum temperatures, precipitation, and atmospheric CO2 concentration (Ca) 630 

under a RCP8.5 emission scenario downscaled and averaged across 15 CMIP5 models for the 631 

Anaktuvik River, Alaska gridcell. 632 

 Max. Temp. 

(oC) 

Min. Temp. 

(oC) 

Precipitation Ca 

Winter 

(DJF) 

10.97 12.80 1.34 2.37 

Spring 

(MAM) 

7.08 8.28 1.52 2.37 

Summer 

(JJA) 

4.53 4.84 1.28 2.37 

Autumn 

(SON) 

7.25 8.30 1.34 2.37 

 633 

Statistical analysis: The correlation between observational benchmarks and site simulations were 634 

assessed using a root mean square error test. Significant differences between variables (e.g., 635 

changes in soil carbon, net primary productivity, etc.) were tested using an analysis of variance 636 

test. Finally, we used an information theory approach (transfer entropy;43) to examine directional 637 

impacts from one variable (e.g., soil nutrient cycling) to another (e.g., net primary productivity). 638 

These relationships were inferred by Shannon information entropy (H) and its transfer (TE) (unit 639 

bits), as previously described103.  640 
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#
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where p(x) is Probability Density Function (PDF) of x, p(yi,yi-1,xi-j) is the joint PDF of the 643 

current time step yi, previous time step of yi, and jth time step before xi. p(yi | yi-1,xi-j) and p(yi | 644 

yi-1) denote conditional PDF of the corresponding variables. For example, the information 645 

entropy transfer from plant photosynthesis processes to soil heterotrophic respiration processes 646 
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(RH) is then calculated as Shannon entropy reduction (uncertainty reduction) of present RH given 647 

the historical net primary productivity (NPP) records and also excluded the influence from 648 

previous time step RH. The significant threshold of transfer entropy from GPP to RH is identified 649 

by first randomly shuffling NPP and RH time series, then calculating the shuffled transfer 650 

entropy, assuming the randomly shuffled breaks the dependency between NPP and RH. Variables 651 

included in this analysis are NPP, nutrient concentrations (NH4
+, NO3

-, PO4
3-), plant nutrient 652 

uptake, soil carbon concentration, total microbial biomass, aerobic heterotrophic biomass (0.1 653 

and 0.5 m), saprotrophic biomass (0.1 and 0.5 m), air temperature, soil temperature, soil moisture 654 

content (0.1, 0.5, 0.85 m), active layer depth, and snowpack depth.  655 
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