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20 Abstract: Climate change is creating widespread ecosystem disturbance across the permafrost 

21 zone, including a rapid increase in the extent and severity of tundra wildfire. The expansion of 

22 this previously rare disturbance has unknown consequences for lateral nutrient flux from 

23 terrestrial to aquatic environments. Lateral loss of nutrients could reduce carbon uptake and slow 

24 recovery of already nutrient-limited tundra ecosystems. To investigate the effects of tundra 

25 wildfire on lateral nutrient export, we analyzed water chemistry in and around the 10-year-old 

26 Anaktuvuk River fire scar in northern Alaska. We collected water samples from 21 burned and 

27 21 unburned watersheds during snowmelt, at peak growing season, and after plant senescence in 

28 2017 and 2018. After a decade of ecosystem recovery, aboveground biomass had recovered in 

29 burned watersheds, but overall carbon and nitrogen remained ~20% lower, and the active layer 

30 remained ~10% deeper. Despite lower organic matter stocks, dissolved organic nutrients were 

31 substantially elevated in burned watersheds, with higher flow-weighted concentrations of organic 
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32 carbon (25% higher), organic nitrogen (59% higher), organic phosphorus (65% higher), and 

33 organic sulfur (47% higher). Geochemical proxies indicated greater interaction with mineral soils 

34 in watersheds with surface subsidence, but optical analysis and isotopes suggested that recent 

35 plant growth, not mineral soil, was the main source of organic nutrients in burned watersheds. 

36 Burned and unburned watersheds had similar δ15N-NO3
-, indicating that exported nitrogen was of 

37 pre-burn origin (i.e. not recently fixed). Lateral nitrogen flux from burned watersheds was 2- to 

38 10-fold higher than rates of background nitrogen fixation and atmospheric deposition estimated 

39 in this area. These findings indicate that wildfire in Arctic tundra can destabilize nitrogen, 

40 phosphorus, and sulfur previously stored in permafrost via plant uptake and leaching. This plant-

41 mediated nutrient loss could exacerbate terrestrial nutrient limitation after disturbance or serve as 

42 an important nutrient release mechanism during succession.

43 Introduction

44 Climate change is triggering widespread ecosystem disturbance across the permafrost 

45 zone (Mack et al 2011, Abbott et al 2016b, Biskaborn et al 2019). Wildfire and permafrost 

46 degradation, which are the most common disturbance types in Boreal and Arctic ecosystems, 

47 respectively (Bond-Lamberty et al 2007, Jones et al 2015, Kim et al 2020, Kokelj and Jorgenson 

48 2013), can mobilize organic matter and inorganic nutrients previously protected by cold and wet 

49 conditions (Balshi et al 2009, Abbott et al 2015, Walker et al 2019, Rodríguez-Cardona et al 

50 2020). Whether nutrients liberated from thawing permafrost are available to terrestrial and 

51 aquatic primary producers will regulate key components of the Arctic carbon cycle and energy 

52 balance, including: the magnitude of carbon dioxide (CO2) fertilization effects on net primary 

53 productivity (McGuire et al 2018, Balshi et al 2009); the rate and type of ecosystem recovery 

54 following disturbance (Kou et al 2020, Pearce et al 2014, Chen et al 2018); the stability of soil 

55 organic matter (Mack et al 2004, Craine et al 2007); shifts in vegetation (Mack et al 2008, 

56 Pearce et al 2014, Jiang et al 2015a); aquatic and marine primary productivity (Carey et al 2019, 

57 McClelland et al 2014, Creed et al 2018, Wologo et al 2020); and surface energy balance (Rocha 

58 and Shaver 2011b, Loranty et al 2018). Consequently, potential changes in nutrient availability 

59 are a major source of uncertainty in predicting net ecosystem carbon balance of the permafrost 

60 zone (McGuire et al 2018, Jiang et al 2015b, Hoffman et al 2017, Jiang et al 2017, Shogren et al 

61 2020, Wright and Rocha 2018). 
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62 Wildfire is already common in forest and some tundra ecosystems, where it structures the 

63 above and belowground carbon stocks and vegetation community (Balshi et al 2009, Rocha and 

64 Shaver 2011a, Racine et al 2004, Jones et al 2013, Kim et al 2020). In Arctic tundra, wildfire is 

65 projected to increase 4- to 11-fold by 2100 due to increased temperature, evapotranspiration, 

66 ignition sources, and vegetation shifts (Abbott et al 2016b, Hu et al 2010, 2015). Because 

67 wildfire has been relatively rare in Arctic tundra in the past (Higuera et al 2011, Rocha et al 

68 2012, Jones et al 2013), it remains uncertain how changes in this key ecosystem disturbance will 

69 affect vertical (land-atmosphere) and lateral (land-water) nutrient fluxes (Larouche et al 2015, 

70 Parham et al 2013, Rodríguez-Cardona et al 2020, Voigt et al 2020, Ludwig et al 2018).

71 Increased tundra wildfire could affect nutrient dynamics in several interrelated ways, 

72 depending on the timing and location of changes in nutrient supply and demand (Fig. 1). On the 

73 supply side, wildfire can remove a substantial proportion of aboveground and belowground 

74 nutrients via combustion (Mack et al 2011, Bret-Harte et al 2013), decreasing organic nutrient 

75 sources and potentially lateral nutrient flux immediately postfire (Betts and Jones 2009, 

76 Kawahigashi et al 2011, Rodríguez-Cardona et al 2020, Parham et al 2013). However, the 

77 combustion of surface vegetation and peat decreases insulation and albedo, enhancing heat 

78 transfer into soils and deepening the seasonally-thawed active layer (Loranty et al 2018, Hu et al 

79 2015, Jiang et al 2014, Jones et al 2015, Holloway et al 2020). This can allow water to flow 

80 through deeper soil horizons, which are often richer in solutes and inorganic nutrients, increasing 

81 nutrient supply (Hewitt et al 2015, Salmon et al 2018, Frey and McClelland 2009, Kawahigashi 

82 et al 2011). In areas of ice-rich permafrost, active-layer thickening can trigger permafrost 

83 collapse and thermal erosion, known as thermokarst (Jones et al 2015, Larouche et al 2015, 

84 Kokelj and Jorgenson 2013). Thermokarst releases above and belowground nutrients abruptly, 

85 temporarily increasing aquatic nutrient availability while decreasing terrestrial stocks (Turetsky 

86 et al 2019, Abbott et al 2015, Vonk et al 2015, Harms et al 2014, Buckeridge et al 2016, Abbott 

87 and Jones 2015). On the demand side, the combustion of vegetation could initially decrease 

88 terrestrial nutrient demand, followed by increased uptake during vegetation regrowth (Carey et al 

89 2019, Malone et al 2018, Bret-Harte et al 2013). Wildfire could also create temporal mismatches 

90 in nutrient supply and demand. For example, a deeper active layer or the development of taliks 

91 (layers of unfrozen soil beneath the active layer), which can be triggered by wildfire (Viereck et 

92 al 2008, Yoshikawa et al 2002), allows flow to persist through a longer portion of the year, 
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93 including after the end of the growing season when terrestrial nutrient demand decreases (Treat 

94 et al 2016, Larouche et al 2015, Shogren et al 2020, Buckeridge and Grogan 2010, Rey et al 

95 2020).

96 Finally, changes in vegetation driven by climate and disturbance could alter the timing 

97 and amount of terrestrial nutrient uptake and release. The stature and composition of plant 

98 communities is rapidly changing in high-latitude catchments (Walker et al 2006, Myers-Smith et 

99 al 2015, Sturm et al 2001, Carey et al 2019), and shifting plant communities could either 

100 increase or decrease lateral nutrient loss depending on the emerging community’s nutrient 

101 acquisition strategies, such as nitrogen fixation, mycorrhizal association, and rooting depth 

102 (Rhoades et al 2001, Högberg et al 2010, DeMarco et al 2011, Ruess et al 2013, Iwahana et al 

103 2016). The net effect of these potential changes in nutrient supply and demand likely depends on 

104 local context, including soil organic matter stocks, permafrost stratigraphy, and hydrological 

105 conditions (Jorgenson and Osterkamp 2005, Loranty et al 2016, Sturm et al 2005, Tank et al 

106 2020, Zolkos and Tank 2020, Abbott et al 2014). Given that initial and eventual effects of 

107 wildfire on lateral nutrient flux may be opposite (Fig. 1), we need observations of tundra 

108 ecosystem response across temporal and spatial scales (Parham et al 2013, Rodríguez-Cardona et 

109 al 2020, Ludwig et al 2018). 

110 Quantifying nutrient dynamics at medium to large scales is challenging in any ecosystem 

111 (Bernhardt et al 2017, Pinay et al 2015), and particularly in permafrost regions where sites are 

112 remote and data are spatially and temporally sparse. This knowledge gap hinders process 

113 understanding of nutrient dynamics in complex permafrost landscapes (Lawrence et al 2011, 

114 Hurrell et al 2013, Kicklighter et al 2013), and consequently our ability to predict the permafrost 

115 climate feedback (McGuire et al 2018, Abbott et al 2016b, Chen et al 2018). One approach to 

116 quantify catchment-scale nutrient balance is to use streams as sensors of ecosystem processes 

117 (Brookshire et al 2009, Shogren et al 2019, Carey et al 2019, Zarnetske et al 2018). Stream 

118 nutrient concentrations and fluxes can indicate changes in terrestrial nutrient sources and sinks, 

119 providing a metric that integrates nutrient demand and uptake efficiency of terrestrial plants and 

120 microorganisms (Abbott et al 2018, Wymore et al 2019, Frei et al 2020). This approach has been 

121 widely used to assess terrestrial elemental balance in non-permafrost ecosystems, generating 

122 fundamental insights into ecosystem succession and other processes over time (Vitousek and 
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123 Reiners 1975, Fisher et al 1998, McClelland et al 2007, Lovett et al 2018). In high-latitude 

124 locations, this approach has been limited to a small number of watersheds (Temnerud and Bishop 

125 2005, Metcalfe et al 2018, Kling et al 2000, Parham et al 2013, Malone et al 2018), largely due 

126 to logistical limitations (but see Shogren et al 2019).

127 In this context, we used an aerial sampling method to repeatedly measure stream 

128 chemistry in 42 tundra catchments in and around a large, 10-year-old burn scar on the North 

129 Slope of Alaska (Mack et al 2011, Jones et al 2009). We hypothesized that there would be lower 

130 nutrient concentrations and fluxes in burned compared to unburned watersheds because of the 

131 loss of soil organic matter (Jiang et al 2015a), rapid regrowth of vegetation (Bret-Harte et al 

132 2013), and recovering active-layer thickness (Carey et al 2019). We tested these hypotheses in a 

133 multi-proxy framework (Abbott et al 2016a, Shogren et al 2019, Frei et al 2020), using 

134 individual physicochemical parameters and relationships among multiple parameters in stream 

135 water to infer the hydrology and biogeochemistry of the burned and unburned tundra watersheds.

136 Methods

137 The Anaktuvuk River fire

138 The study area is located on the North Slope of Alaska (Fig. 2), 150 km south of the 

139 Arctic Ocean and ~90 km northwest of the Toolik Field Station, associated with the Arctic Long-

140 term Ecological Research (LTER) site. The area is underlain by continuous permafrost and has a 

141 mean annual air temperature of -10°C, with mean monthly temperature ranging from -15°C in 

142 January to 12°C in July. Mean annual precipitation is ~320 mm, with roughly a third falling as 

143 snow (Toolik Environmental Data Center Team 2019, King et al 2016). 

144 The Anaktuvuk River fire was ignited by a lightning strike in mid-July of 2007 (Liu et al 

145 2014). High air temperature, low precipitation, dry soils, and potentially site-specific 

146 characteristics allowed the fire to burn into early October (Liu et al 2014, Jones et al 2009). 

147 Eventually the fire burned 1,039 km2 of Arctic tundra bounded by the Nanushuk and Anaktuvuk 

148 Rivers on the west, and the Itkillik River on the east (Fig. 2). The fire burned 80% of the area at 

149 moderate to extreme severities (Jones et al 2009). On average, the fire removed one third of the 

150 ~7,700 g C m-2 of organic matter and living biomass present before the burn (Mack et al 2011), 
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151 decreasing the organic-soil layer thickness from ~21 cm to ~15 cm (Mack et al 2011, Liu et al 

152 2014, Rocha and Shaver 2011b). 

153 In the first two years after the fire, numerous thermokarst features formed, and the land 

154 surface subsided by an additional 2 to 8 cm compared to adjacent, unburned areas due to active-

155 layer thickening and thermokarst formation (Liu et al 2014). In the four years following the fire, 

156 burned areas had active-layer thickness that was 10 to 20 cm deeper than unburned areas (Rocha 

157 and Shaver 2011b), though differences in active-layer thickness between burned and unburned 

158 plots had decreased somewhat by our first sampling in 2017 (Carey et al 2019). After seven 

159 years (i.e. in 2014), thermokarst had affected 34% of the burn scar compared to only 1% of 

160 nearby unburned areas (Jones et al 2015). 

161 There are very few measurements of surface water chemistry or lateral flux from this 

162 area. However, in 2011 (4 years after the burn), stream chemistry was measured in four reference 

163 and six burned watersheds within or near the Anaktuvuk River fire scar (Larouche et al 2015). 

164 The burned watersheds had higher dissolved organic carbon (DOC), ammonium (NH4
+), 

165 phosphate (PO4
3-), and total dissolved phosphorus and nitrogen than unburned watersheds, but 

166 lower nitrate (NO3
- ) (Larouche et al 2015).

167 The recovery of primary productivity occurred relatively quickly after the wildfire. 

168 Within four years, above-ground net primary productivity was equal in burned and unburned 

169 areas, though live biomass remained lower (Bret-Harte et al 2013). However, the recovered plant 

170 community in the burn scar differs from unburned areas, with more deep-rooted gramminoids, 

171 especially tussock-forming cotton grass (E. vaginatum) and sedges (e.g. C. bigolowii), an 

172 absence of lichens, and a shift in non-vascular species (Carey et al 2019, Bret-Harte et al 2013, 

173 Jandt et al 2012).

174 Experimental design and stream sampling methods

175 We implemented a repeated synoptic sampling design, collecting water samples from 

176 many streams at multiple points in time (McGuire et al 2014, Abbott et al 2018, Dupas et al 

177 2019, Shogren et al 2019). Compared with more temporally intensive approaches that focus on a 

178 few locations, this spatially extensive design gave us more power to detect effects of the wildfire 

179 across different ecosystem gradients, though it reduced the breadth of parameters we could 
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180 measure (e.g. no water discharge or in situ sensor measurements). This approach has proven 

181 effective at quantifying medium- to large-scale ecosystem characteristics in remote locations, 

182 including the Arctic (Kling et al 2000, Crump et al 2012, Abbott et al 2015, Shogren et al 2019). 

183 To compensate for a lack of directly-measured covariates and ecosystem parameters for the 

184 sampling locations, we used a multi-proxy framework to constrain biogeochemical and 

185 hydrological processes based on water chemistry (Abbott et al 2016a, Pinay et al 2015, Kelleher 

186 et al 2019). For example, we inferred water flowpaths (depth of lateral flow relative to organic 

187 and mineral soil horizons) using ion concentrations and ratios (Keller et al 2010, Barker et al 

188 2014), partitioning between evapotranspiration and lateral flow using stable isotopes in water 

189 (Berry et al 2018, Bush et al 2017), and sources of organic matter and nutrients (e.g. prefire soil 

190 versus postfire fixation) using optical properties of dissolved organic matter (DOM) and stable 

191 isotopes of carbon (C) and nitrogen (N) (Abbott et al 2016a, Malone et al 2018).

192 We sampled all major tributaries to the Anaktuvuk, Nanushuk, and Itkillik Rivers over a 

193 110 km range (68.7° to 69.5° N) to control for variation in ecosystem characteristics, including 

194 elevation, latitude, topography, permafrost state, and watershed size (Fig. 2). Our sample sites 

195 included 42 accessible tributaries (21 burned and 21 unburned) in and around the burn scar, with 

196 watersheds ranging from 0.04 to 195 km2 (mean and median areas of 34 and 21 km2). These 

197 watersheds together drained 86% of the burn scar (Fig. 2). Burned and unburned watersheds 

198 tended to be smaller at the northern end of the sampling area because of the confluence of the 

199 Anaktuvuk and Nanushuk Rivers on the west side of the burn (Fig. 2). 

200 The large geographic range of the sites and distance from the field station meant that 

201 landing the helicopter at each site was not possible because of fuel constraints. Consequently, we 

202 developed an aerial sampling method dubbed the Dübdeegan Dangle Maneuver (DDM), where 

203 we sampled the stream or river directly from the helicopter (Fig. S1). During the DDM, we 

204 press-fit a pre-washed, wide-mouth, 125 mL plastic bottle (HDPE) into a weighted cup at the end 

205 of a 4 m foldable aluminum sampling pole that we constructed from a broken camping table. As 

206 the pilot approached the site, we extended the pole and inserted the bottle under the water surface 

207 before the rotor wash from the helicopter disturbed the water surface to avoid stirring up 

208 sediment (Fig. S1 and linked video). After one or two seconds of filling, the bottle was retracted, 
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209 capped, and put into a cooler as the pilot navigated to the next site. This sampling method 

210 allowed us to fly the perimeter of the burn scar while collecting samples in two to four hours. 

211 We collected samples in June, July, and August of 2017 and 2018, capturing three 

212 distinct periods in Arctic phenology (Shogren et al 2020). The June sampling occurred during 

213 the spring snowmelt period when river discharge was high, thaw depth was low, and primary 

214 productivity was very low. The July samples were collected during the peak growing season 

215 when discharge and thaw depth were moderate, and productivity was near its peak. The August 

216 sampling occurred after deciduous plant senescence when discharge was low, productivity was 

217 moderate, and thaw depth was greatest (Table 1; Fig. 3C). We collected samples from most of 

218 the sites for each sampling date, except for August of 2017, when a snowstorm and associated 

219 static discharge through the DDM pole to the helicopter airframe only allowed us to sample 19 of 

220 the sites (sample sizes reported in Table 1).

221 Water discharge and remotely sensed data

222 While no stream discharge stations exist within or near the burn scar, we measured 

223 continuous discharge in the Kuparuk River (68.636°, -149.39°) from mid-June to mid-September 

224 in 2017 and 2018. This location was 14 km from the nearest site and 118 km from the most 

225 distant site. At the Kuparuk location, we manually measured discharge periodically using the 

226 velocity-area method with a flow meter (SonTek Flow Tracker), and we measured water depth 

227 (stage) every 15 minutes with an autonomous pressure transducer (Onset HOBO, USA). We 

228 constructed a stage-discharge rating curve with these measurements, allowing estimation of 

229 continuous discharge across the flow season. To include the snowmelt period, when much of the 

230 annual discharge occurs, we completed the time series with data from the USGS Kuparuk River 

231 Station (15896000), approximately 100 km to the northeast of the burn scar. We calculated 

232 specific discharge (L m-2 day-1) for each monitoring station and applied a linear conversion to the 

233 USGS data calculated during the period of overlap (i.e. mid-June to mid-September). While 

234 specific discharge could differ in and around the burn scar (King et al 2018, Lyon et al 2012), 

235 the relative magnitude of flow is likely similar, enabling calculation of flow-weighted means and 

236 estimates of lateral nutrient flux for the six samplings. We tested the assumption of similar 

237 specific discharge with water isotope measurements, which can indicate differences in 

238 evapotranspiration, storage, and runoff (Abbott et al 2016a).
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239 To test our hypotheses about the relationship between catchment characteristics (e.g., 

240 size, burn severity, slope) and wildfire response, we delineated watersheds for each of the 

241 sampling locations using ArcGIS Pro (ESRI) with a 2-m resolution digital elevation model 

242 (DEM) (Porter et al 2018). We calculated elevation and slope directly from the DEM. We then 

243 intersected the watershed shapefiles with cloud-free Landsat and Sentinel images from before 

244 and after the burn to calculate several indices: the modified normalized difference water index 

245 (NDWI), normalized difference vegetation index (NDVI), and normalized burn ratio (dNBR) 

246 (Boelman et al 2011, Jones et al 2009, Kolden and Rogan 2013). We also calculated mean 

247 change in surface subsidence from 2006 to 2010 using published spatial data (Liu et al 2014).

248 Terrestrial plant and soil analyses

249 We quantified soil and plant C and N stocks in 2017 at an unburned, moderately burned, 

250 and severely burned site in or around the fire scar (Fig. 2). Burn severity was previously 

251 determined for these sites, based on dNBR (Rocha and Shaver 2011a). Following standard LTER 

252 protocols (Bret-Harte et al 2013), vegetation harvests were used to determine above and 

253 belowground biomass for each species. Samples were collected at the end of July, during the 

254 peak growing season. At each site, vegetation and soils were sampled randomly at 10-m intervals 

255 along two 100-m transects. Within a 10 × 40 cm quadrat, the entire vegetation and organic-soil 

256 layers (surface to mineral soil) was collected with a serrated bread knife and kept in plastic bags 

257 until processing. Upon arrival in the lab, quadrats were taken apart and plant material was sorted 

258 into aboveground leaf and woody biomass by species, and total belowground biomass. Leaf 

259 litter, coarse woody debris, and dead moss were also separated and measured. Samples were 

260 weighed after drying at 60 oC for 3 to 4 days. A subset of dried samples (~5 per plant species 

261 part or horizon and site) were finely ground and analyzed for C (%) and N (%) using an 

262 elemental analyzer (Costech, USA). We calculated site-level C and N content (g m-2) using the 

263 area weighted values grouped by plant functional type: shrub, graminoid, lichen, and other 

264 (forbs, live moss, and unidentifiable).

265 To quantify soil C and N, we measured the depth of the peat and organic layer four times 

266 in each pit created by the biomass quadrat sampling. In half of the pits (i.e. 10), we extracted ~10 

267 × 10 cm soil peat monoliths (i.e. “peat brownies”). Peat brownies were then wrapped in foil and 

268 transported to the lab, where they were dried and analyzed for C and N as previously described 
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269 for the aboveground biomass. For each brownie, we separated the peat and upper and lower 

270 organic soil based on color and texture. The bulk density estimates (g cm-3) were multiplied by 

271 the in-field measurements of horizon thickness (cm) and soil C and N content (%) to determine 

272 soil stocks (g m-2).

273 At three of the terrestrial sites, thaw depth was measured monthly from 2008 to 2019 as 

274 described in Rocha and Shaver (2011b). Briefly, a metal rod was used to make 40 measurements 

275 in a 100 × 40 m permanent grid at each site with an additional 36 measurements randomly taken 

276 along four 30-m transects. Thaw depth was noted from the top of the moss layer or soil if moss 

277 was not present. We interpreted the last thaw depth measurement from each year (last week of 

278 August or first week of September) as the active layer thickness (i.e. maximum annual thaw 

279 depth). Additionally, thaw depth was measured at 47 sites distributed within and near the burn 

280 scar in September of 2014 and 2019 (Fig. 2). At each of these survey sites, thaw depth was 

281 measured at 20 locations along a 20 m transect.

282 Aqueous analyses

283 Upon returning to the lab, unfiltered water samples were immediately analyzed with a 

284 spectrophotometer (s::can, Austria) for UV-Vis absorbance (190-750 nm) and turbidity. We then 

285 filter-sterilized 60 mL of each sample with a pre-rinsed cellulose acetate membrane filter (0.2 

286 µm-pore size). Samples were refrigerated until analysis within one month. Filter-sterilized 

287 samples were analyzed for anions, cations, dissolved elements, water isotopes, C, and total 

288 dissolved N (TDN). We used ion chromatography (ThermoFisher Dionex, USA) to quantify 

289 anions and cations, including fluoride (F-), acetate (C2H3O2
-), formate (CH2O2

-), chloride (Cl-), 

290 nitrite (NO2
-), bromide (Br-), sulfate (SO4

2-), PO4
3-, lithium (Li+), sodium (Na+), potassium (K+), 

291 magnesium (Mg2+), and calcium (Ca2+). NH4
+, and NO3

- were determined colorimetrically using 

292 an autoanalyzer (LACHAT, USA). We summed NO3
-, NO2

-, and NH4
+ to calculate dissolved 

293 inorganic N (DIN). We used an inductively coupled plasma optical emissions spectrometer 

294 (Thermo Scientific 7400 series, USA) to quantify concentrations of dissolved elements (Al, As, 

295 B, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, S, Se, Si, Sr, Ti, V, and Zn). We 

296 replaced values that fell below the limit of detection (LOD) with the LOD/2. We measured DOC, 

297 dissolved inorganic C (DIC), and TDN on an elemental analyzer (Elementar, Germany) after 

298 evolution to CO2 or NO. We used cavity ringdown spectroscopy (Los Gatos Research, USA) to 
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299 quantify stable isotope ratios of hydrogen (δD)  and oxygen (δ18O) in water relative to Vienna 

300 Standard Mean Ocean Water (VSMOW). The analyzer had a precision of ±1 for δD and ±0.4 for 

301 δ18O. We calculated the local meteoric water line from published measurements of precipitation 

302 in the nearby Kuparuk River watershed (Harms and Godsey 2017).

303 In 2018, we additionally froze a 30-mL subsample of 0.2-µm filtered water for stable 

304 isotope analysis of DOC and NO3
- at the UC Davis Stable Isotope Facility. The δ13C of DOC 

305 was quantified after digestion to CO2 with an isotope ratio mass spectrometer (Sercon Ltd., UK). 

306 The δ15N and δ18O of NO3
- were quantified via bacterial denitrification (Sigman et al 2001), with 

307 the evolved N2O measured on a mass spectrometer (Bremen, Germany).

308 We calculated dissolved organic N, phosphorus, and sulfur by difference between the 

309 total elemental amount and the inorganic solute (i.e. DON = TDN – DIN, DOP = P – PO4
3-, and 

310 DOS = S – SO4
2-). In addition to the individual solute concentrations, we calculated ratios of 

311 several geogenic solutes (Ca2+, Mg2+, Sr2+, Na+, SO4
2-, and Ba2+) that have been found in some 

312 regions to indicate depth of hydrological flow associated with seasonal and interannual changes 

313 in permafrost (Table S1; Keller et al 2010, Lehn et al 2017, Barker et al 2014).

314 To calculate optical metrics of DOM composition (Table S1), we measured excitation 

315 emission matrices (EEMs) with a scanning fluorometer (Horiba, Japan). Scans were performed 

316 using a 150-watt Xenon lamp with varying integration times between 0.5–5 minutes depending 

317 on absorbance. Following standard methods (Cory et al 2010), all samples were corrected for 

318 inner filter effects, Rayleigh scatter, and blank subtraction in MATLABTM (version 6.9; 

319 MathWorks, USA). We analyzed the EEMs to calculate several common indices of DOM 

320 composition, including biological index (BIX), humification index (HIX), fluorescence index 

321 (FI), E2/E3 index, and specific UV absorbance at 254 nm (SUVA254) (McKnight et al 2001, 

322 Weishaar et al 2003, Fellman et al 2010, Kellerman et al 2018, Gabor et al 2014, 2015). The 

323 calculations and interpretations of these metrics are detailed in Table S1.

324 Statistical analyses and calculations

325 We tested for relationships between water chemistry and catchment characteristics 

326 (including burn extent and severity) with Pearson correlation coefficients (r). Because the dataset 

327 included multiple measurements from the same sites, we calculated the site mean (flow-weighted 
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328 and unweighted) for each parameter prior to calculating r. The flow-weighted values are more 

329 relevant to questions of mass balance (e.g. nutrient flux) because they most represent the high-

330 flow sampling during snowmelt in June, while the unweighted values are more sensitive to 

331 changes throughout the year, including when flow was lower in July and August (Table 1). We 

332 calculated r for organic and inorganic nutrients, optical properties, stable isotopes, and 

333 geochemical ratios, using a decision criterion of α = 0.05. Based on the high level of co-linearity 

334 observed among ions (see next paragraph), we calculated r for 6 representative solutes (Cl-, Br-, 

335 F-, K+, Mg2+, Sr2+) and the sum of anions and cations.

336 Because water chemistry parameters were often related in nonlinear ways, we calculated 

337 Spearman rank correlations (ρ) to quantify relationships among parameters (optical, chemical, 

338 and isotopic). Before calculating ρ, we scaled the data within sampling date (subtracting the 

339 mean and dividing by the standard deviation) to allow comparison of spatial differences among 

340 sites rather than temporal differences due to seasonality and discharge across the two years. 

341 Because of the larger number of comparisons, we used a decision criterion of α = 0.01 when 

342 assessing statistical significance.

343 For each year (i.e. 2017 and 2018), we estimated annual organic nutrient flux from the 

344 unburned and burned area on an areal basis (mg m-2 year-1). To do this, we first calculated the 

345 flow- and area-weighted mean concentrations for the entire burned and unburned watershed 

346 areas for each year. We then multiplied these concentrations by the cumulative specific discharge 

347 for that year (L m-2 year-1). We recognize that these inferred discharge data are unlikely to 

348 provide high-precision estimates of flux (Shogren et al 2020, Minaudo et al 2017, Lyon et al 

349 2012). However, recent observations of the temporal persistence of spatial patterns in stream 

350 networks (Shogren et al 2019, Abbott et al 2018) and especially the high level of spatial 

351 replication in this study (Fig. 2) suggest that relative comparisons among burned and unburned 

352 watersheds are robust.

353 We used analysis of variance (ANOVA) to test for differences in terrestrial stocks of C 

354 and N among the unburned, moderately burned, and severely burned sites. We considered the 20 

355 sampling locations (10 for peat and SOM) from each site as the experimental unit. For post hoc 

356 comparisons, we applied a Bonferroni correction for a familywise α of 0.05. For the ANOVA 
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357 and Pearson analyses, we visually inspected residual plots for deviations from normality, 

358 linearity, and homoscedasticity.

359 Statistical analyses and visualizations were performed in R (R Core Team 2018, 

360 Wickham et al 2020). The meteorological data are available from the Toolik Environmental Data 

361 Center (Toolik Environmental Data Center Team 2019), and all chemistry and discharge data are 

362 attached. 

363 Results

364 Interannual variation and differences among catchments

365 The two years of the sampling were very distinct hydrologically and climatically (Fig. 2; 

366 Table 1). Total specific discharge was 319 L m-2 year-1 in 2017 and 702 L m-2 year-1 in 2018. 

367 Specific discharge was higher in 2018 because of a larger snowmelt peak, large rain events in 

368 September, and more precipitation overall (236 mm in 2017 versus 405 mm in 2018, June-

369 September). The sampling dates captured most of this interannual and seasonal variability of 

370 flow, spanning 76% of the observed variation in river discharge across the sampling years (Fig. 

371 2B and Table 1). The flow season of 2017 was warmer than 2018, with a May-September mean 

372 air temperature of 5.3°C in 2017 and 4.0°C in 2018. At the unburned and severely burned 

373 terrestrial sites, active layer thickness was shallower in 2018 than in 2017, though it was similar 

374 across years at the moderately burned site (Fig. 3A).

375 The spatial analysis of watershed characteristics showed that burned and unburned 

376 watersheds were comparable for most topographic and surficial parameters (e.g. size, surface 

377 wetness, water coverage, location), though the slope and elevation happened to be slightly lower 

378 in burned watersheds, attributable to the geometry of the fire scar (Figs. S2 and 2). Greenness 

379 (NDVI) based on satellite imagery from 2017 was similar for burned and unburned watersheds, 

380 indicating recovery of the aboveground plant community. As expected, burn severity (dNBR) 

381 based on satellite imagery from 2006 and 2008 was much higher in the burned watersheds, with 

382 a mean near 400 (severe burn) compared to 0 (no burn) for the unburned watersheds (Fig. S2). 

383 The burned watersheds also showed substantial subsidence (mean of 3.9 cm in burned versus 0 

384 cm in unburned watersheds) based on data from 2010 (Liu et al 2014). The burn parameters (i.e. 

385 burn extent, severity, and subsidence) were strongly correlated with each other (r > 0.8, p < 
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386 0.001; Table S2). Several of the watershed characteristics showed latitudinal gradients, with 

387 elevation, slope, and NDVI decreasing to the north, and the burn parameters and surface water 

388 increasing to the north, partially attributable to the latitudinal distribution of burned and 

389 unburned watersheds (Table S2).

390 Active layer thickness at the three terrestrial sites was greater at the burned locations 

391 across the 12 years of monitoring, with 2008–2019 means of 52.8 cm (±8.7; SD), 61.2 cm 

392 (±10.8), and 64.4 cm (±11.7) for the unburned, moderately burned, and severely burned sites, 

393 respectively (Fig. 3A). Active layer thickness at the severely burned sites showed some signs of 

394 recovery, with depths converging toward the moderately burned values in 2016–2019 (Fig. 3A). 

395 Conversely, there was greater active layer thickness and difference between burned and 

396 unburned locations in 2019 versus 2014, based on the thaw depth survey of 47 sites (Fig. 3B).

397 Terrestrial carbon and nitrogen stocks

398 Total ecosystem C and N to the mineral soil averaged 9,800 g C m-2 (±910; SE) and 310 

399 g N m-2 (±20) at the unburned site, 9,300 g C m-2 (±910) and 200 g N m-2 (±22) at the moderately 

400 burned site, and 6,800 g C m-2 (±950) and 250 g N m-2 (±24) at the severely burned site. 

401 Assuming similar pre-burn C and N, this represented mean C decreases of 5.7 and 31% for the 

402 moderately and severely burned sites, respectively, and mean N decreases of 34 and 18% relative 

403 to the unburned site (Fig. 4A and 4B). Across all sites, belowground stocks (primarily peat and 

404 organic soil) accounted for an order of magnitude more C and N than aboveground stocks (Fig. 

405 4A and 4B). Aboveground biomass was similar across burn severities, indicating recovery of 

406 aboveground plant C and N, though the moderately burned site had less biomass (Fig. 4A). 

407 Belowground biomass and soil C and N were generally lower at the burned sites, with 22 to 85% 

408 less C and N than the unburned sites (Fig. 4A and 4B). The overall C and N percent was not 

409 significantly different across classes (Fig. 4C). Graminoids made up a proportionally larger 

410 fraction of ecosystem C and N in both the moderately and severely burned sites (Fig. 4A).

411 Relationships between watershed characteristics and water chemistry

412 The unweighted and flow-weighted Pearson correlations among water chemistry and 

413 watershed characteristics were highly consistent for most parameters (Tables S3 and S4). 

414 Likewise, the Spearman correlations among parameters were highly consistent across burned and 
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415 unburned watersheds (Figs. S3 and S4). For simplicity, we hereafter refer to the unweighted 

416 means of the entire sample, except where specified otherwise.

417 The site means of all dissolved organic nutrients were positively correlated with burn 

418 severity (Fig. 5A). Organic nutrients were also positively correlated with burn extent and 

419 subsidence, though not as strongly as with severity (Fig. 6). There were several other correlations 

420 between specific organic nutrients and non-fire watershed characteristics (e.g. DOC with 

421 NDWI), but these relationships were weaker and largely attributable to the distribution of the fire 

422 scar across different landscape types. In contrast, none of the inorganic nutrients or isotopic 

423 parameters (i.e. isotopes of NO3
-, DOC, and water) were correlated with the burn parameters, 

424 except dissolved silica (negatively correlated with extent and severity) and water isotopes 

425 (positively correlated with subsidence; Figs. 5B and 6). Two of the six optical properties of 

426 DOM—SUVA254 and FI—were correlated with the burn parameters, indicating a higher 

427 proportion of aromatic DOM and more plant versus microbial DOM sources in burned 

428 watersheds, respectively (Fig. 5B). Optical properties were more correlated with nonburn 

429 parameters, particularly NDWI (Fig. 6).

430 The sums of anions and cations were not correlated with burn extent or severity, but all 

431 ions were positively correlated with subsidence (Fig. 6). Br-, F-, and K+ were also positively 

432 correlated with burn extent and severity, though less than with subsidence. None of the 

433 geochemical ratios (e.g. Ca2+:Sr2+; Table S1) were correlated with the burn parameters (Fig. 6). 

434 Most of the solutes and geochemical ratios showed significant negative correlations with 

435 elevation and slope, and consequently positive correlations with latitude (Fig. 6; Table S2).

436 Seasonal differences in water chemistry

437 For both burned and unburned watersheds, organic nutrient concentrations increased 

438 seasonally, with the largest increases between June and July, indicating a negative concentration-

439 discharge relationship (Fig. 7A). Inorganic nutrients did not show consistent seasonal patterns 

440 (Fig. 7B). DIN and PO4
3- concentrations were much lower than their organic counterparts (i.e. 

441 DON and DOP), and DIC was somewhat lower than DOC (Fig. 7B). However, SO4
2- was much 

442 higher than DOS (Fig. 7B). Inorganic nutrients were strongly left skewed (occasional extreme 

443 values), particularly PO4
3- and SO4

2- (Fig. 7B).
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444 The optical metrics of DOM properties showed various seasonal patterns (Fig. 7C). The 

445 patterns were generally clearer in 2018, the wetter and cooler year (Table 1). SUVA254 and FI, 

446 the two optical properties that varied with burn extent and severity (Figs. 5 and 6), both showed 

447 seasonal increases, indicating a shift towards more aromatic and microbially modified DOM 

448 (Table S1). HIX also increased consistently in both years, indicating more degraded DOM with 

449 lower H:C ratios. The other parameters showed different patterns across years (E2/E3, BIX) or no 

450 change (SR; Fig. 7C).

451 Stable isotopes of DOC and NO3
- did not show consistent trends through the season, 

452 except for δ18O-NO3
- , which was substantially lower for both burned and unburned watersheds 

453 in the August sampling (Fig. 8A). δ13C-DOC was not correlated with DOC concentration for 

454 burned or unburned watersheds (ρ = -0.16, p = 0.3; Figs. 8B and S3). The relationship between 

455 δ18O and δ15N of NO3
- was consistent across burn status (ρ = 0.71, p < 0.01), suggesting similar 

456 sources and removal pathways of N (Fig. 8B).

457 Water isotopes were strongly depleted (δ18O < -15 ‰, δD < -120 ‰), consistent with the 

458 high latitude (Fig. 9). Isotopic values showed strong seasonal increases, indicating a shift from 

459 snow- to rain-dominated runoff (Fig. 9A). The seasonal increase was initially more rapid in the 

460 warmer, dryer year of 2017. However, the snow event on the week of the sampling in August 

461 resulted in substantially lower isotopic values, demonstrating the low storage and short 

462 hydrological residence times of these watersheds (Fig. 9A). The local evaporation lines 

463 (relationship between δ18O and δD in stream water) were consistent for unburned and burned 

464 watersheds (Fig. 9B). Both lines plotted just below the local meteoric water line, suggesting 

465 limited evapotranspiration compared to runoff, supporting the assumption of similar specific 

466 discharge across burned and unburned watersheds.

467 Most of the ions showed increases through the season, except for K+, which showed a 

468 large pulse during snowmelt (June), and Cl-, which was higher in the peak growing season (July) 

469 both years (Fig. S5). As expected, the Ca2+:Sr2+ ratio decreased systematically over the flow 

470 season, indicating deeper flow of water through the soil profile (Fig. S5). However, the other 

471 ionic ratios potentially associated with thaw depth did not show consistent seasonal patterns (Fig. 

472 S5).

473 Lateral flux of organic nutrients
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474 All organic nutrients showed substantially higher lateral flux in burned watersheds (Table 

475 2). This was attributable to the significant correlations of organic nutrient concentrations with 

476 burn extent, severity, and subsidence (Figs. 4 and 5; Tables S3 and S4). The interannual mean 

477 flux of DOC, DON, DOP, and DOS was 25 to 65% higher in burned watersheds compared to 

478 unburned watersheds (Table 2). For unburned and burned watersheds, organic nutrient fluxes 

479 were approximately twice as high in 2018 than 2017, due to greater runoff. Also, relative 

480 differences in organic nutrient flux between burn and unburned watersheds were greater for all 

481 nutrients except DOC in 2018 (Table 2).

482 Discussion

483 To investigate how tundra wildfire can affect lateral nutrient export, we quantified 

484 nutrient concentrations and a broad suite of water chemistry parameters from 42 watersheds in 

485 and around the >1,000 km2 Anaktuvuk River fire in northern Alaska. Contrary to our hypothesis 

486 that high terrestrial nutrient demand and lower C and N stocks would decrease lateral nutrient 

487 export, burned watersheds had substantially higher lateral flux of organic nutrients. Below, we 

488 discuss what could be causing these differences in lateral nutrient flux and what this nutrient loss 

489 might mean for tundra ecosystems recovering from wildfire.

490 Evidence of persistent, plant-mediated export of permafrost nutrients

491 The observed lateral release of nutrients was unexpected on two accounts. First, this 

492 ecosystem is still recovering from a major disturbance that substantially decreased soil and 

493 biomass nutrient stocks (Mack et al 2011, Jiang et al 2015a, Bret-Harte et al 2013). General 

494 theory and studies from this region predict strong net nutrient retention during this period of 

495 ecosystem recovery (Malone et al 2018, Lovett et al 2018, Pearce et al 2014, Rastetter et al 

496 2020). Second, when lateral nutrient loss does occur in nutrient-limited permafrost ecosystems, it 

497 is usually due to temporal and spatial mismatches in supply and demand. For example, water 

498 flow below the rooting zone or outside of the growing season (i.e. shoulder seasons) can result in 

499 substantial nutrient loss from nutrient-limited permafrost regions (Jones et al 2005, Treat et al 

500 2016, Harms and Jones 2012, Shogren et al 2020, Blume‐Werry et al 2016, p). However, these 

501 scenarios of deeper and longer flow predict lower organic to inorganic nutrient ratios, more 

502 processed DOM, higher solutes, and enriched stable isotope values for DOC and NO3
- (MacLean 

503 et al 1999, Harms and Jones 2012, Malone et al 2018, Lehn et al 2017, Keller et al 2010, Mu et 
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504 al 2017, Toohey et al 2016, Frey and McClelland 2009, Treat et al 2016, Shogren et al 2020, 

505 Wologo et al 2020). 

506 In every case, the patterns predicted by the deep flowpath and shoulder season hypotheses of 

507 nutrient flux were the opposite of what we observed. For example, the optical proxies and DOC 

508 isotopes suggested that the DOM and constituent organic nutrients are derived from postfire 

509 plant material in burned watersheds rather than directly from deeper organic matter activated by 

510 the wildfire (Figs. 1 and 10). Likewise, the consistent differences in organic nutrient 

511 concentrations before, during, and after peak growing season, despite distinct soil nutrient 

512 dynamics (Buckeridge et al 2013, Melle et al 2015, McLaren et al 2017, Darrouzet‐Nardi et al 

513 2019), suggest that short-term terrestrial demand is not directly regulating lateral nutrient flux 

514 (Fig. 7). Additionally, the isotopes of NO3
- indicate that lateral N flux is not being driven by 

515 postfire N fixation (Malone et al 2018). Finally, similar inorganic nutrient concentrations and the 

516 higher organic to inorganic nutrient ratios in burned watersheds suggests nutrient sourcing from 

517 organic horizons rather than mineral horizons. Regarding interpretation of nutrient patterns in 

518 streams, we point out that inorganic nutrient release from terrestrial environments could be 

519 obscured by uptake and mineralization in the aquatic environment, which is highly nutrient 

520 limited (Rodríguez-Cardona et al 2020, Kendrick et al 2018, Kling et al 2000), whereas organic 

521 nutrients move more conservatively through small Arctic watersheds such as these (Shogren et al 

522 2019, Abbott et al 2016a).

523 We hypothesize that the elevated organic nutrient flux from areas affected by the wildfire is 

524 caused by cumulative plant and mycorrhizal uptake of nutrients released from thawed permafrost 

525 (Fig. 1). Rather than directly leaching nutrients from the thaw front, as predicted by the deep and 

526 shoulder season hypotheses, this plant-mediated hypothesis explains the sustained nutrient loss 

527 despite ecosystem succession, recovering active layer thickness, and intense terrestrial nutrient 

528 demand (Bret-Harte et al 2013, Jiang et al 2015a, Carey et al 2019). Despite the loss of 

529 approximately four centuries worth of nutrients during the wildfire (Mack et al 2011, Bret-Harte 

530 et al 2013), over the first decade of postfire recovery, plants could have accessed nutrients 

531 released by thermokarst formation (i.e. subsidence; Liu et al 2014, Jones et al 2015) and 

532 increased active layer thickness (Carey et al 2019, Rocha and Shaver 2011b). The stronger and 

533 more consistent correlations between organic nutrients and burn severity versus subsidence (Fig. 
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534 6) suggest that active layer thickening is more influential than thermokarst formation, though 

535 both processes are likely at play. Tundra plants—especially the deep-rooted graminoids more 

536 dominant in the burn scar (Fig. 5)—readily take up nutrients released at the thaw front (Hewitt et 

537 al 2015, Salmon et al 2018, Keuper et al 2017, Carey et al 2019). For example, detailed 

538 characterization of the plant community four years postfire showed lower C:N ratios in regrowth 

539 followed by greater allocation to belowground biomass (Bret-Harte et al 2013). While we do not 

540 have detailed surface water data, measurements from the same time period suggest that enhanced 

541 lateral nutrient flux was already occurring four years postfire (Larouche et al 2015). While the 

542 overall stocks of C and N are still lower in the burned watersheds (Fig. 4), new growth from 

543 plants accessing thaw-front nutrients could be producing fresh organic matter that is more easily 

544 solubilized and leached, such as litter and fine roots (Zarnetske et al 2018, Wickland et al 2007, 

545 Neilson et al 2018, Wickland et al 2018, O’Donnell et al 2013, 2016a). Additionally, root 

546 exudates in the burned watersheds could be enhancing mineralization and potentially dissolution 

547 of peat and organic soil (Keuper et al 2020), further fueling lateral loss of organic nutrients.

548 If this phenomenon of plant-mediated nutrient flux is widespread, it would explain the widely 

549 observed long-term increase in both DOM and solutes from most permafrost catchments where 

550 data are available (Frey and McClelland 2009, Mann et al 2016, Tank et al 2016, Wauthy et al 

551 2018, Toohey et al 2016, Drake et al 2018, Holmes et al 2012, Frey et al 2007, Kendrick et al 

552 2018). The simultaneous increase in both DOM and solutes is contrary to the active layer 

553 thickening hypothesis, which predicts decreased DOM with permafrost degradation due to longer 

554 residence times and enhanced mineralization and sorption of DOM in mineral soil layers (Striegl 

555 et al 2005, Kicklighter et al 2013, Laudon et al 2013, Mu et al 2017, MacLean et al 1999). 

556 Thermokarst formation, which delivers both DOM and solutes to river networks, has been 

557 proposed as one explanation to this paradox (Abbott et al 2015, Bowden et al 2012, Coch et al 

558 2019), but recent observations show that only some thermokarst features increase DOM delivery, 

559 likely based on local periglacial history and vertical distribution of organic matter (Zolkos and 

560 Tank 2020, Tank et al 2020). Additionally, most of the DOM in Arctic and Boreal surface waters 

561 is relatively modern (e.g. fixed within the last century), while thermokarst DOM is largely pre-

562 modern (Wild et al 2019, Mollenhauer et al 2019, Ewing et al 2015, Burd et al 2018, Gaglioti et 

563 al 2014, Raymond et al 2007, Wang et al 2018), further suggesting that recent plant growth is 

564 fueling increases in DOM flux from the permafrost region. 
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565 In addition to thermokarst formation, plant-mediated nutrient flux is a complementary 

566 hypothesis explaining the simultaneous increase in lateral DOM and solute flux. Areas 

567 undergoing active layer deepening could be losing solutes via deeper flow and thermokarst, 

568 while plant growth and regrowth fuel increasing lateral DOM flux. Solute and nutrient increases 

569 have primarily been attributed to deepening of the seasonally-thawed active layer (Kawahigashi 

570 et al 2006, Harms and Jones 2012, Walvoord and Kurylyk 2016), which allows water to move 

571 deeper in the soil profile where it interacts with solute-rich permafrost (Petrone et al 2006, Reyes 

572 and Lougheed 2015, O’Donnell et al 2016b). The results from our study, however, suggest that 

573 surface subsidence is driving solute flux, while plant regrowth and nutrient mobilization from 

574 areas of deeper active layer are regulating organic nutrient flux. While these results are limited to 

575 a single region, they demonstrate the interactions between gradual and abrupt thaw, highlighting 

576 the need to simulate these processes together (Turetsky et al 2020, Abbott et al 2015).

577 Implications of lateral nutrient loss for local ecosystems and global climate feedbacks

578 Our results reinforce evidence that permafrost degradation and wildfire can trigger 

579 substantial nutrient loss from ecosystems that are already nutrient-limited (Mack et al 2008, 

580 Betts and Jones 2009, Pearce et al 2014, Abbott et al 2015). Although we do not have complete 

581 budgets for most of the nutrients in this study, lateral N loss from burned watersheds is 2- to 10-

582 fold higher than estimates of N fixation and atmospheric deposition for this region (Weiss et al 

583 2005, Jiang et al 2017, Mack et al 2011). In combination with vertical N losses that we did not 

584 quantify (e.g. denitrification and volatilization; Voigt et al 2020, Malone et al 2018, Abbott and 

585 Jones 2015), our observations suggest that wildfire triggers a long-term and substantial nutrient 

586 deficit. This sustained loss could have contrasting consequences at global, regional, and local 

587 scales.

588 Starting at the global scale, predicting the permafrost C feedback to the Earth’s climate 

589 depends on accurate estimates of greenhouse gas release and uptake in permafrost ecosystems 

590 (Schuur et al 2015). Most Earth system models project substantial accumulation of C in living 

591 biomass and soil organic matter in the permafrost zone, sometimes sufficient to offset all 

592 greenhouse gas release from permafrost (i.e. a net stabilizing feedback from the permafrost zone; 

593 McGuire et al 2018). However, most of these models are not fully coupled with nutrient cycles, 

594 and they often predict strong CO2-fertilization effects and rapid ecosystem transitions (e.g. 
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595 tundra to taiga), despite a lack of observations of these dynamics in current or past permafrost 

596 ecosystems (Abbott et al 2016b, Oberbauer et al 1986, Wieder et al 2015, 2019, Fisher et al 

597 2019). If increased wildfire in Arctic tundra consistently increases lateral nutrient loss, the 

598 capacity of permafrost ecosystems to offset greenhouse gas release could be substantially 

599 diminished. Conversely, lower nutrient availability following wildfire could decrease N2O 

600 production, reducing this non-carbon greenhouse gas (Voigt et al 2020). 

601 At the regional scale, sustained lateral flux of nutrients following wildfire could alter 

602 recipient ecosystems in aquatic, estuarine, and marine environments. The C balance and food 

603 webs of these ecosystems are highly sensitive to C, N, phosphorus, sulfur, and silica (McClelland 

604 et al 2012, Carey et al 2019, Slavik et al 2004, Kendrick et al 2018, Vancoppenolle et al 2013, 

605 Arrigo et al 2012), all of which were strongly affected by the wildfire in our study. The addition 

606 of bioavailable C and nutrients could affect C balance and light dynamics, potentially increasing 

607 or decreasing greenhouse gas release depending on interactions among organic matter 

608 production, breakdown, and environmental conditions (Wologo et al 2020). Depending on the 

609 future extent of wildfire in areas of the tundra biome where it has previously been rare (Abbott et 

610 al 2016b, Rocha et al 2012, Jones et al 2013), plant-mediated nutrient loss could alter regional 

611 nutrient budgets, influencing C balance and habitat in donor and recipient ecosystems.

612 At the local scale, long-term nutrient deficits could slow encroachment of shrubs and forest 

613 into the tundra biome. Because the tundra-taiga transition is defined by nutrient status more than 

614 temperature, mechanisms that reduce nutrient availability effectively increase the resilience of 

615 tundra ecosystems to climate change (Bret-Harte et al 2013, Wein and Bliss 1973, Zimov et al 

616 2009). While tundra wildfire can trigger ecosystem transitions in areas that are warmer and more 

617 nutrient rich (Jandt et al 2012, Landhausser and Wein 1993), our study suggests that cold and 

618 nutrient-poor tundra areas may be resilient to forest encroachment and shrub expansion (Myers-

619 Smith et al 2011, Frost et al 2013, Zamin and Grogan 2012, Wein and Bliss 1973), at least on 

620 decadal timescales. Postfire nutrient loss could be an important resilience mechanism—a way of 

621 shedding excess nutrients as permafrost degrades—similar to how conifer forests shunt nutrients 

622 during wildfire (Tierney et al 2019). Alternatively or additionally, nutrient loss could convey 

623 adaptive advantages to the graminoids responsible for it, in this case primarily E. vaginatum 

624 (Bret-Harte et al 2013, Mack et al 2011, Wein and Bliss 1973). E. vaginatum is already known 
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625 to be an ecosystem engineer, lowering the temperature of underlying soil and permafrost by 

626 several degrees (Shur and Jorgenson 2007, Loranty et al 2018). If E. vaginatum is facilitating 

627 nutrient loss from burned tundra, it could be maintaining the oligotrophic nutrient conditions 

628 where it dominates tundra plant communities via nutrient shunting.

629 On a related topic, we emphasize that understanding the local to global impacts of permafrost 

630 wildfire on C dynamics requires better integration of hydrological processes into C and nutrient 

631 cycles (Zarnetske et al 2018, Lawrence et al 2015, Douglas et al 2020, Neumann et al 2019, 

632 Jorgenson et al 2013). River runoff varied by more than a factor of two between the two years of 

633 our study, with the amount and type of lateral nutrient loss following suit (Table 2). This 

634 demonstrates how constraining the amount, timing, and flowpath of water through these 

635 ecosystems is crucial to determining local nutrient balance and ultimately, the global permafrost 

636 climate feedback (Laudon et al 2013, Vonk et al 2015, Tank et al 2020).

637 Wildfire effects on lateral flux depend on initial stocks and successional dynamics

638 While there are few studies of lateral nutrient flux following tundra wildfire, the available 

639 observations from other regions provide crucial context for our results (Larouche et al 2015, 

640 Parham et al 2013, Rodríguez-Cardona et al 2020, Ludwig et al 2018). Studies of Siberian 

641 tundra and taiga wildfires have found a more expected pattern of a pulse of inorganic nutrients, 

642 followed by the gradual recovery of organic nutrient concentrations over several decades 

643 (Rodríguez-Cardona et al 2020, Parham et al 2013). This aligns with terrestrial observations of 

644 relatively larger decreases in organic matter stocks in these areas (Ludwig et al 2018) compared 

645 to what we observed on the North Slope. We suggest that this difference could be due to greater 

646 active layer thickness and lower initial C and nutrient stocks in ecosystems with much more 

647 frequent wildfires (Kirdyanov et al 2020). The North Slope of Alaska has a very thin active layer 

648 and extremely infrequent wildfires, like much of the continuous permafrost zone (Rocha et al 

649 2012, Jones et al 2013). These conditions could lead to greater postfire nutrient sources and 

650 enhanced importance of surface vegetation in driving lateral fluxes because the permafrost table 

651 largely constrains flow to the rooting zone (Parham et al 2013, Neilson et al 2018). 

652 The importance of local ecological conditions in regulating the response to wildfire is 

653 further apparent in the geochemical data from our study. For example, only one of the several 

654 geochemical ratios that have been used as tracers of thaw depth in areas not far from the 
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655 Anaktuvuk River fire (Keller et al 2010, Lehn et al 2017, Barker et al 2014) showed the 

656 expected seasonal patterns (i.e. Ca2+:Sr2+; Fig. 11C). This should not be surprising given the 

657 heterogeneity of periglacial history and near-surface geology of the permafrost zone (Tank et al 

658 2020, Abbott et al 2014, Larouche et al 2015, Strauss et al 2017). Considering this diversity of 

659 ecological context is crucial to accurate scaling and identification of robust trends. While it may 

660 still be premature, the superposition of global-scale soil and vegetation profiles with projected 

661 fire frequency (Olefeldt et al 2016, Hugelius 2012, Kolden and Rogan 2013), could allow 

662 empirical and potentially mechanistic modeling of the effects of wildfire on lateral nutrient flux. 

663 In any case, considering differences in organic matter stocks, vegetation types, surficial geology, 

664 hydrology, and active layer thickness is crucial to projecting the response of C and nutrient 

665 dynamics to tundra wildfire across the permafrost zone.
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1277 Tables and figures

Table 1. Dates and conditions for the six samplings

Date
Daily Q

(L m-2 day-1)

Weekly Q
(L m-2 day-1)

Monthly 

precip. (mm)

Daily air 

temp. (°C)**

Weekly air 

temp. (°C)

Monthly air 

temp. (°C)

Thaw depth, 

unburned (cm)

Thaw depth, 

burned (cm)

n
burned

n
unburned

9-Jun-17 5.09* 6.03* 5.0 1.75 2.57 8.03 9.5 11.9 21 15

30-Jul-17 3.51 2.30 108 10.5 13.3 12.6 37.5 44.1 21 21

31-Aug-17 1.44 2.02 103 -3.04 -1.03 5.65 53.1 63.6 8 11

5-Jun-18 22.2* 18.7* 38 4.76 4.06 4.85 7.0*** 12.6*** 21 21

20-Jul-18 4.50 4.05 115 6.63 9.50 10.3 34.4 40.8 21 21

25-Aug-18 1.33 1.51 129 3.41 4.05 4.21 49.7 56.3 21 21

1278 *Data for these dates was inferred based on lower Kuparuk station, **All air temperature data from a 3m height at the 

1279 Toolik Field Station, ***Thaw depths for this date were interpolated because there was more than a week difference 

1280 between thaw depth measurements and aquatic sampling

1281

Table 2. Lateral flux (±SE) of organic nutrients from unburned and burned watersheds

Year
Q

(L m-2 yr-1)
State

DOC

(mg m-2 yr-1)

DON

(mg m-2 yr-1)

DOP

(mg m-2 yr-1)

DOS

(mg m-2 yr-1)

Unburned 3,660 ±190 151 ±4.6 1.58 ±0.21 39.1 ±3.4

Burned 4,640 ±273 211 ±8.5 2.27 ±0.43 54.1 ±4.72017 319

Δ (%) 27.0 40.4 44.3 38.2

Unburned 7,310 ±287 210 ±16.7 5.19 ±0.61 37.5 ±4.6

Burned 9,050 ±266 360 ±17.8 8.90 ±0.73 58.9 ±13.52018 702

Δ (%) 23.8 71.7 71.6 56.9

Unburned 5,480 ±256 180 ±10.7 3.38 ±0.41 38.3 ±4.0

Burned 6,850 ±268 286 ±13.1 5.59 ±0.58 56.5 ±9.1Interannual 

mean

Δ (%) 24.9 58.6 65.2 47.4

1282
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1283

1284

1285 Figure 1. Conceptual diagram of wildfire effects on nutrient balance in Arctic tundra. (A) Pre-disturbance, there is 

1286 low nutrient availability in the active layer because of limited decomposition and high demand from microorganisms 

1287 and plants. There are large stores of nitrogen (N), phosphorus (P), and sulfur (S) in permafrost. (B) Combustion, 

1288 thermo-erosion, and high demand from regrowth exacerbate nutrient limitation on land while increasing erosion and 

1289 associated flux of particulate nutrients. (C) Regrowth stabilizes erosion while plants take up deeper nutrients, 

1290 enhancing lateral flux of dissolved organic nutrients.

1291
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1292

1293 Figure 2. Map of the watersheds in and around the 2007 Anaktuvuk River wildfire (A), and hydrograph of the 

1294 Kuparuk River (B). Stream samples were collected 6 times at the 42 watershed outlets (colored circles). Active-layer 

1295 depth and plant and soil C and N content were measured at the 3 terrestrial sites (colored squares). Active layer 

1296 thickness was measured at 47 additional sites (gray crosses) in 2014 and 2019. Panel B shows specific discharge for 

1297 the closest river with continuous flow data, with the sampling dates indicated by the red dots.
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1298

1299 Figure 3. Active layer thickness (maximum seasonal depth of thaw) based on thaw-probe measurements. (A) 

1300 Observations from the three terrestrial sites where active layer was measured yearly in late August or early 

1301 September from 2008 to 2019. The outlined shapes represent the mean for that site and date, and the fitted lines 

1302 show the smoothed conditional means and standard error across the period of observation. (B) Results of the active 

1303 layer surveys done in 2014 and 2019 at 47 sites distributed within and near the burn scar (Fig. 2). Box plots 

1304 represent median, quartiles, 1.5 times the interquartile range (IQR), and points beyond 1.5 times the IQR. The 

1305 diamonds and error bars represent the mean and standard error.
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1306

1307 Figure 4. Plant biomass C and N content in biomass (A), peat and organic soil (B), and overall percent C and N (C). 

1308 Bars and points represent the among-location mean and standard error, with letters indicating statistically significant 

1309 differences. Data were collected in 2017 from the unburned, moderately burned, and severely burned sites in or near 

1310 the fire scar (Fig. 2).
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1311

1312 Figure 5. Significant Pearson correlations (p < 0.05) between burn severity and mean concentrations of (A) organic 

1313 nutrients, and (B) optical properties, dissolved silica, and potassium for 21 burned and 21 unburned watersheds. For 

1314 correlation coefficients and p-values for all chemical parameters, see Fig. 6 and Tables S3 and S4.
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1315

1316 Figure 6. Correlation coefficients among catchment characteristics and mean water chemistry parameters. Only 

1317 significant correlations (p < 0.05) are shown. For correlation coefficients and p-values for all parameters, see Tables 

1318 S3 and S4.
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1319

1320 Figure 7. Seasonal concentrations of organic nutrients (A), inorganic nutrients (B), and optical properties of 

1321 dissolved organic matter (C), in streams draining the burned (n=21) and unburned (n=21) watersheds. Symbology 

1322 follows Figure 3B. For detailed interpretation of optical properties, see Table S1.
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1323

1324 Figure 8. Stable isotopes of DOC and NO3
-. (A) Seasonal changes in isotopic values for burned and unburned 

1325 watersheds. Symbology follows Figure 3B. (B) Relationships of DOC concentration with δ13C and NO3
- isotopes.
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1326

1327 Figure 9. Seasonal variation in water isotopes (A) and the local evaporation lines between δ18O and δD 

1328 (B) in stream water. The global and local meteoric water lines are shown for reference (GMWL and 

1329 LMWL, respectively). LMWL was calculated with precipitation measurements from the nearby Kuparuk 

1330 River watershed (Harms and Godsey 2017). Boxplot symbology follows Figure 3B.
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Figure 2. Map of the watersheds in and around the 2007 Anaktuvuk River wildfire (A), and hydrograph of the 
Kuparuk River (B). Stream samples were collected 6 times at the 42 watershed outlets (colored circles). 
Active-layer depth and plant and soil C and N content were measured at the 3 terrestrial sites (colored 

squares). Active layer thickness was measured at 47 additional sites (gray crosses) in 2014 and 2019. Panel 
B shows specific discharge for the closest river with continuous flow data, with the sampling dates indicated 

by the red dots. 
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