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Abstract 22 

 In the Alaskan Arctic, rapid climate change is increasing the frequency of disturbance 23 

including wildfire and permafrost collapse.  These pulse disturbances may influence the delivery 24 

of dissolved organic carbon (DOC) to aquatic ecosystems, however the magnitude of these 25 

effects compared to the natural background variability of DOC at the watershed scale is not well 26 

known.  We measured DOC quantity, composition, and biodegradability from 14 river and 27 

stream reaches (watershed sizes ranging from 1.5-167 km2) some of which were impacted by 28 

permafrost collapse (thermokarst) and fire.  We found that region had a significant impact on 29 

quantity and biodegradability of DOC, likely driven by landscape and watershed characteristics 30 

such as lithology, soil and vegetation type, elevation, and glacial age.  However, contrary to our 31 

hypothesis, we found that streams disturbed by thermokarst and fire did not contain significantly 32 

altered labile DOC fractions compared to adjacent reference waters, potentially due to rapid 33 

ecosystem recovery after fire and thermokarst as well as the limited spatial extent of thermokarst.  34 

Overall, biodegradable DOC ranged from 4 to 46% and contrary to patterns of DOC 35 

biodegradability in large Arctic rivers, seasonal variation in DOC biodegradability showed no 36 

clear pattern between sites, potentially related to stream geomorphology and position along the 37 

river network.  While thermokarst and fire can alter DOC quantity and biodegradability at the 38 

scale of the feature, we conclude that tundra ecosystems are resilient to these types of 39 

disturbance.    40 

  41 
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1. Introduction 42 

 As the Arctic warms, the biogeochemical signature of its rivers and streams will likely be 43 

an indicator of the response of aquatic and adjacent terrestrial ecosystems to climate change 44 

(Holmes et al., 2000; McClelland et al., 2007; Frey and McClelland, 2009).  Arctic freshwater 45 

ecosystems process and transport substantial loads of dissolved organic carbon (DOC) delivering 46 

34-38 Tg yr-1 to the Arctic Ocean, and mineralizing or immobilizing another 37-84 Tg yr-1 47 

(McGuire et al., 2009; Holmes et al., 2012).  Biodegradable DOC (BDOC) is the biologically 48 

available fraction of DOC and is defined as the percent DOC loss over time (typically 7 to 40 49 

days) due to mineralization or uptake (McDowell et al., 2006).  Given anticipated changes in the 50 

arctic climate, there has been growing interest to quantify changes in the magnitude of overall 51 

DOC flux (Holmes et al., 2012; Tank et al., 2012) as well as the BDOC exported by small 52 

headwater streams and large rivers in the Arctic (Striegl et al., 2005; Spencer et al., 2008; 53 

O'Donnell et al., 2012), particularly in areas impacted by disturbances associated with climate 54 

change.  55 

 Disturbance in arctic and boreal ecosystems is expected to escalate in response to future 56 

changes in climate.  Examples of physical responses to climate change in northern Alaska 57 

include the deepening of the seasonally-thawed surface soil or active layer (Shiklomanov et al., 58 

2010), permafrost warming (Romanovsky et al., 2002; Romanovsky et al., 2011), permafrost 59 

collapse (Jorgenson et al., 2006; Belshe et al., 2013; Balser et al., 2014), and wildfire (Randerson 60 

et al., 2006).  There is evidence of recent increases in permafrost disturbance (Gooseff et al., 61 

2009; Balser et al., 2014) on the North Slope of Alaska and wildfire has the potential to become 62 

a major disturbance factor in the tundra region (Higuera et al., 2011; Rocha et al., 2012).  63 
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 Thaw of ice-rich permafrost results in soil collapse or subsidence, termed thermokarst 64 

(Kokelj and Jorgenson, 2013).  Thermokarst can export substantial quantities of sediment, 65 

carbon, nitrogen, and phosphorus to Arctic streams, rivers and lakes (Kokelj et al., 2005; 66 

Bowden et al., 2008; Kokelj et al., 2009; Lamoureux and Lafrenière, 2009; Lewis et al., 2011; 67 

Dugan et al., 2012; Kokelj et al., 2013; Malone et al., 2013; Harms et al., 2014).  The magnitude 68 

of exported material depends largely on thermokarst size, type, activity, and hydrologic 69 

connectivity (Lewis et al., 2011; Lafrenière and Lamoureux, 2013; Abbott et al., 2014).  For 70 

example, thermokarst features can mobilize substantial amounts of sediments and nutrients that 71 

are not delivered to downslope aquatic ecosystems and instead retained along the hillslopes or in 72 

the riparian zone (Larouche, 2015).  DOC in the outflow of thermokarst features is highly labile 73 

(Woods et al., 2011; Vonk et al., 2013; Abbott et al., 2014), particularly when exposed to light 74 

(Cory et al., 2013).  While sediment and solute concentrations and the proportion of BDOC can 75 

be high in thermokarst outflow, the impact on the watershed depends on the total mass flux or 76 

load (Lewis et al., 2012).  The effects of thermokarst disturbance on Arctic aquatic ecosystems 77 

are poorly understood at the watershed scale, limiting useful inferences about future system 78 

response to climate change.  79 

 The organic horizon of tundra soils insulates permafrost from warm summer air 80 

temperatures.  The removal of surface soil carbon during fire promotes underlying permafrost 81 

degradation (Burn, 1998; Yoshikawa et al., 2002), increases thaw depth for decades post-fire 82 

(Rocha et al., 2012), and triggers thermokarst development (Osterkamp and Romanovsky, 1999). 83 

Wildfire disturbance in lower latitude ecosystems can increase concentrations of major ions and 84 

nutrients in soil and stream water (Bayley et al., 1992a; Bayley et al., 1992b; Chorover et al., 85 

1994).  In the boreal forest of Alaska, stream DOC concentration declined following a wildfire, 86 
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presumably due to loss of microbial biomass (Schindler et al., 1997; Petrone et al., 2007; Betts 87 

and Jones, 2009) and bioavailable dissolved organic matter in streams decreased post-fire and 88 

during thermokarst formation (Balcarczyk et al., 2009).  89 

 Across various biomes the composition and biodegradability of riverine DOC changes 90 

seasonally due to a tight coupling between terrestrial and aquatic ecosystems (Holmes et al., 91 

2008; Fellman et al., 2009; Wang et al., 2012).  In the Arctic, DOC concentration and 92 

biodegradability is highest during snowmelt and early spring and decreases progressively 93 

through the summer (Holmes et al., 2008; Mann et al., 2012; Vonk et al., 2013).  However, the 94 

majority of studies investigating Arctic BDOC have focused on downstream reaches in large 95 

alluvial systems leaving the seasonal and spatial variation of BDOC in headwater streams largely 96 

unknown.  97 

 The questions we address in this paper are, “Does BDOC and water chemistry differ at 98 

the watershed scale among landscape types?” and “Does BDOC and water chemistry differ in 99 

streams impacted by thermokarst and fire?” To answer these questions we measured the quantity, 100 

biodegradability, and aromaticity of DOC and background water chemistry from Arctic 101 

headwater streams and rivers.  We sampled watersheds in three geographic regions affected by a 102 

combination of fire and thermokarst to evaluate controls on DOC quantity and biodegradablity at 103 

the watershed scale.  We hypothesized thermokarst would increase DOC concentrations and 104 

BDOC due to the delivery of labile carbon from thawed permafrost. Because wildfire in the 105 

Arctic can directly impact DOC export, as well as have secondary effects due to changes in 106 

active layer depth and extent of permafrost, we hypothesized that wildfire may decrease BDOC 107 

due to the combustion of soil carbon stocks during fire.  However, if wildfire promotes extensive 108 

permafrost degradation and thermokarst production then BDOC concentrations might increase.  109 
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2. Methods 110 

2.1. Study areas and sampling design 111 

 We took advantage of natural disturbance to test our hypotheses.  We collected stream 112 

water from 16 reaches, 11 of which were individual Arctic rivers and streams on or near the 113 

North Slope of Alaska including the regions around the Toolik Field Station, Feniak Lake, and 114 

the Anaktuvuk River wildfire area (Fig. 1, Table 1).  Seven of the stream sites were apparently 115 

undisturbed (reference) reaches and nine sites were impacted by a combination of wild fire and 116 

thermokarst of various types, including retrogressive thaw slumps and active layer detachment 117 

slides, two of the most common thermokarst morphologies in upland landscapes (Kokelj and 118 

Jorgenson, 2013).  The Toolik Field Station is located 254 km north of the Arctic Circle and 180 119 

km south of the Arctic Ocean.  The average annual temperature is -10°C and average monthly 120 

temperatures range from -25°C in January to 11.5°C in July.  The Toolik area receives 320 mm 121 

of precipitation annually with 200 mm falling between June and August (Toolik, 2011).  Feniak 122 

Lake is located 360 km west of the Toolik Field Station in the central Brooks Range in the 123 

Noatak National Preserve.  The average annual temperature approximately 25 km southwest of 124 

Feniak Lake is -8.1°C and the Feniak region receives more precipitation than Toolik and 125 

Anaktuvuk with an annual average of 408 mm (WRCC, 2011).  The Anaktuvuk area receives the 126 

bulk of its precipitation during the months of June through September with a long-term summer 127 

average of 107 mm (Jones et al., 2009).  All three areas are underlain by continuous permafrost. 128 

Landscapes in the Toolik and Feniak Lake area are underlain by glacial till, bedrock and loess 129 

parent materials ranging in age from 10-400 ka (Hamilton, 2003).  The two sites sampled in the 130 

Toolik area consist primarily of glacial deposits assigned to the Sagavanirktok River (middle 131 

Pleistocene) and Itkillik I and II (late Pleistocene) glaciations of the central Brooks Range 132 
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(Hamilton, 2003).  Upland substrates in the Feniak area include non-carbonate, carbonate and 133 

ultramafic lithologies (Jorgenson et al. 2001), and are typically overlain by colluvial deposits, 134 

soliflucted hillslopes, glacial till and outwash primarily of early Itkillik Age (roughly 50,000 135 

years BP) (Hamilton, 2009).  The Anaktuvuk River area is on a substantially older (> 700 ka) 136 

landscape farther north from the field station and foothills.  The southern one-third portion of the 137 

burned area rests on a combination of upland colluvium or old glacial surfaces while the northern 138 

two-thirds of the burn surface rests on eolian silt deposited in the mid-Pleistocene (Jorgenson et 139 

al., 2010).  140 

 In the summer of 2007 in the Anaktuvuk River area, above-normal temperatures, below-141 

normal precipitation, and extremely low soil moisture conditions favored fire conditions when a 142 

lightning strike ignited the tundra on 16 July.  Air temperature in July to September of that year 143 

was the warmest over a 129-year record, with a +2.0°C anomaly, and that summer was the driest 144 

of a 29 year record with the four month total precipitation just over 20mm (Jones et al., 2009).  145 

The resulting fire was the largest fire on record for the North Slope of Alaska, burning 1,039 km2 146 

and removing ~ 31 % of tundra ecosystem carbon (Mack et al., 2011). 147 

2.2. Sample collection  148 

 In 2011, we sampled reference streams and streams impacted by thermokarst and wildfire 149 

near the Toolik Field Station, the Anaktuvuk burn scar, and Feniak Lake.  In the Toolik area we 150 

sampled the Kuparuk River (Site 1) and Oksrukyuik Creek (Site 2), both of which have not been 151 

impacted by fire or thermokarst.  In the Anaktuvuk area, we sampled four reference rivers on 6 152 

August 2011, two of which we analyzed for BDOC (Burn Reference 1 = Site 3 and Burn 153 

Reference 2 = Site 4), located to the east of the burn boundary to serve as landscape references 154 
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for the sites located within the burned scar.  Within the Anaktuvuk burned boundary we sampled 155 

4 unique streams including the South (Site 5) and North (Site 6) Rivers, both of which were 156 

burned, but undisturbed by thermokarst.  Also within the Anaktuvuk scar, we sampled two 157 

watersheds referred to as the Valley of Thermokarst; one watershed (Sites 7a and 7b) that was 158 

burned but had no thermokarst features present and one watershed (Sites 8a and 8b) was burned 159 

and contained numerous active layer detachment slides that formed on the south-facing slope 160 

post-fire.  In the Feniak area we focused our efforts at two sites.  We sampled a small watershed 161 

containing two tributaries, Bloodslide Reference (Site 9) that drained the northwestern portion of 162 

the watershed unimpacted by thermokarst and Bloodslide Impacted (Site 10) that drained the 163 

southeastern side of the watershed and received the outflow of a very recent, active layer 164 

detachment slide.  The other location in Feniak was along a larger headwater system impacted by 165 

three large, active thaw slumps and we sampled upstream and downstream of both the first (Sites 166 

11a and 11b) and third (Sites 12a and 12b) thaw slump features.  167 

 To quantify seasonal variability of BDOC we took repeat measurements 4-5 times over 168 

the 2011 summer season from the Toolik and Anaktuvuk stream sites, except for the two 169 

Anaktuvuk reference sites that were sampled once (Sites 3 and 4).  Due to their remote locations, 170 

sites located in the Feniak Lake area were sampled once during 2011.  At each stream site, we 171 

collected four replicate field samples, which we filtered (0.7 um, Advantec GF-75) into 250 ml 172 

amber LDPE bottles for transport to Toolik Field Station or Feniak Lake base camp and set up 173 

incubations within 24 hours of collection.  We also collected separate bottles for background 174 

water chemistry (filtered and preserved for later analyses) and for photometric absorbance 175 

analyses (filtered and measured within 24 hours, except for the Feniak samples which were 176 

measured within a week back at Toolik Field Station).    177 
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2.3. BDOC incubation assays 178 

 We followed the BDOC incubation protocol described in Abbott et al. (2014).  In brief, 179 

we amended all samples with nutrients (increasing ambient concentrations by 80 μM NH4
+/NO3

- 180 

and 10 μM PO4
3-), inoculated them with a common bacterial community from the local site, 181 

stored samples in the dark at room temperature, and measured DOC loss at three time steps: 182 

initial DOC at day 0 (t0), at day 10 (t10), and at the end of a 40 day incubation (t40), We found 183 

that the day 10 incubations yielded inconsistent results (i.e. DOC gain at t10 yielding negative 184 

BDOC) and so for the purposes of this paper we focus only on DOC loss over 40 days (t40). DOC 185 

loss (absolute loss and percentage loss relative to initial concentration) was calculated for each 186 

field replicate sample (n=4) on each sampling date.  Mean values for initial DOC concentration 187 

(um); absolute 40-day loss (um); and 40-day percent loss (%) were calculated from the 4 field 188 

replicates for each site and date.  Quality control consisted of carefully inspecting each of the 189 

DOC concentrations from each of the four replicates, for each time stamp, for each sample.  190 

Samples for which 1 of 4 incubation replicates were considerably different than the others were 191 

flagged and further inspected. If the questionable value was more than two standard deviations 192 

from the mean then it was removed.  Only one replicate out of the total of 184 samples was 193 

removed.  194 

2.4. DOC composition (SUVA254) 195 

 We characterized DOC composition by Specific Ultraviolet Absorbance at 254 nm 196 

(SUVA254; L mg C-1 m-1), a photometric measure of DOC aromaticity (Weishaar et al., 2003).  197 

UV absorbance was measured on a Shimadzu UV-1601 using a 1.0 cm quartz cell and the 198 

baseline was corrected using dionized water at the beginning of each sample run to ensure there 199 
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was no absorbance measured.  SUVA254 values were calculated by dividing UV absorbance by 200 

DOC concentration in mg L-1.  201 

2.5. Water chemistry   202 

 We analyzed water samples for total suspended sediment (TSS, mg L-1); alkalinity (μeq 203 

L-1); total dissolved nitrogen (TDN, μM); ammonium (NH4
+, μM); nitrate (NO3

-, μM); total 204 

dissolved phosphorus (TDP, μM); soluble reactive phosphorus as phosphate (PO4
3-, μM); and 205 

cations (magnesium, Mg+; calcium, Ca+; potassium, K+; sodium, Na+, mg L-1).  Table S1 in the 206 

Supplement summarizes the methods and instruments used for water chemistry analyses.  The 207 

sites in the Anaktuvuk and Toolik areas were sampled with ISCO automated samplers deployed 208 

for daily composite sampling (except for Sites 7b and 8b which were sampled manually).  Sites 209 

in the Feniak area were sampled manually.  210 

2.4. Statistics 211 

 The variance values around all mean values reported below are standard errors (SE).  We 212 

tested for differences in BDOC metrics and background water chemistry variables among 213 

streams within groups defined a priori by analysis of variance (ANOVA).  Significant 214 

differences between streams (p < 0.05) were further evaluated using Tukey’s multiple-215 

comparison test (Lane, 2010).  We considered comparisons with a p-value < 0.1 to be marginally 216 

significant. For all analyses, we evaluated normality with normal probability plots and equal 217 

variance with Levene’s test (Levene, 1960).  In general, the majority of the data were 218 

consistently normally distributed.  In the rare case that the Levene unequal variances test was 219 

significant, Welch’s test (Welch, 1951) was used to detect differences instead of ANOVA.  220 

Normality plots, equal variance tests and ANOVA analyses were performed with JMP Pro 221 
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version 11.0 (SAS Institute Inc. 2012). Linear regression was used to determine correlations 222 

between SUVA and BDOC %, and also to determine relationships between BDOC % and date 223 

for those sites that were measured repeatedly.  Linear regression analyses were performed with 224 

SigmaPlot version 11.0 (Systat Software, Inc., San Jose California USA).  225 

3. Results 226 

3.1 Initial (t0) DOC concentrations 227 

 Anaktuvuk reference sites had higher initial DOC concentrations (977±103 μM, n=2) 228 

than Feniak (316±83.9 μM, n=3, P<0.001) and Toolik (259±46.0μM, n=10, P<0.0001) reference 229 

sites (Fig. S1A in the Supplement).  The comparison of the reference and thermokarst-impacted 230 

sites in Feniak revealed no significant effect on initial DOC (P=0.96) (Fig. 2A, left).  Moreover, 231 

we found no influence of thermokarst on initial DOC (P=0.92) by comparing the adjacent 232 

Reference and Impacted Valley of Thermokarst watersheds [Sites 7a and 7b and 8b (burned) 233 

versus 8a (burned + thermokarst)] (Fig. 2A, right).  Combining all sites in a region together, the 234 

initial DOC concentration in the Anaktuvuk region (1098±38.4 μM, n=30) was more than three 235 

times greater than in the Feniak region (312±85.5μM, n=6, P<0.0001) and in the Toolik region 236 

(259±66.4 μM, n=10, P<0.0001) streams (Fig. 3A). 237 

3.2 BDOC 238 

 The absolute BDOC concentrations in Reference Feniak streams (125.2±17.0μM, n=3, 239 

P<0.01) and reference Anaktuvuk streams (125.0±20.8 μM, n=2, P<0.05) were greater than 240 

Toolik reference sites (45.5±9.3 μM, n=10) (Fig. S1B in the Supplement).  Mean values for site 241 

specific BDOC metrics can be found in Table S2 of the Supplement.  Feniak reference sites 242 

contained the highest BDOC % (38.1±2.6 %, n=3) compared to Toolik (18.5±1.4 %, n=10, 243 
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P<0.0001) and Anaktuvuk (14.5±3.2 %, n=30, P<0.001) reference sites (Fig. S1C in the 244 

Supplement).  There was no significant effect of thermokarst inflow on absolute BDOC (P=0.91) 245 

or BDOC % (P=0.99) (Fig. 2B-C, left).  Nor did we find an effect of thermokarst on absolute 246 

BDOC (P=0.83) or BDOC % (P=0.71) in the Valley of Thermokarst [Sites 7a and 7b and 8b 247 

(burned) versus 8a (burned + thermokarst)] (Fig. 2B-C, right).  Combining all sites within a 248 

region, we found that the absolute BDOC (Fig. 3B) was significantly lower in the Toolik region 249 

(45±15.1μM, n=10) compared to the Feniak region (123±19.5 μM, n=6, P<0.01) and the 250 

Anaktuvuk region (105±8.7 μM, n=30, P<0.01) streams. BDOC % (Fig. 3C) was significantly 251 

different (P<0.0001) among streams from all three regions: Feniak (38.1±1.8 %, n=6); Toolik 252 

(18.5±1.4 %, n=10); and Anaktuvuk (9.6±0.8 %, n=2). 253 

3.3 SUVA254  254 

 The values of SUVA254 ranged from 1.31 to 6.87 L mg C-1 m-1 across all streams 255 

sampled.  The SUVA254 values for the Anaktuvuk reference sites (4.2±1.7 L mg C-1 m-1, n=2) 256 

were significantly higher that the values from the Feniak reference sites (1.8±0.4 L mg C-1 m-1, 257 

n=3, P=0.01) or the Toolik reference sites (2.1±0.1 L mg C-1 m-1, n=10, P=0.01) reference sites 258 

(Fig. S1D in the Supplement).  Thermokarst inflow had no significant impact on SUVA254 in the 259 

Feniak sites (P=0.79, Fig. 2D, left).  We also found no influence of thermokarst on SUVA254 260 

(P=0.66) within the Valley of Thermokarst burned watersheds [Sites 7a and 7b and 8b (burned) 261 

versus 8a (burned + thermokarst)] (Fig. D, right).  Combining all sites within a region, the 262 

SUVA254 measurements differed significantly by region (P<0.0001).  Toolik and Feniak area 263 

streams had lower SUVA254 values (range 1.31 - 2.62 L mg C-1 m-1), indicative of low humic 264 

content and aromaticity, compared to streams in the Anaktuvuk area (range 2.57 - 6.87 L mg C-1 265 

m-1).  SUVA254 values from Anaktuvuk sites (4.8±0.12 L mg C-1 m-1, n=30) were more than 266 
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double those in Feniak (1.9±0.29 L mg C-1 m-1, n=6, P<0.0001) and Toolik (2.1±0.22 L mg C-1 267 

m-1, n=10, P<0.0001) streams (Fig. 3D).  We found a negative exponential relationship between 268 

SUVA254 and BDOC % (Fig. S2 in the Supplement).  269 

3.4. Background water chemistry 270 

 Most background water chemistry variables differed significantly among regions (Fig. 4).  271 

Stream alkalinity was approximately five-fold higher in the Feniak streams (1734±1167 μeq L-1, 272 

n=40) compared to alkalinity in Toolik (310±69 μeq L-1, n=74, P<0.0001) and Anaktuvuk 273 

(361±287 μeq L-1, n=168, P<0.0001) streams.  Anaktuvuk streams contained approximately three 274 

times the amount of TDN and TDP compared to Feniak and Toolik streams (P<0.0001).  275 

Ammonium (NH4
+) concentrations in the Feniak streams were variable, but two of the sites 276 

contained particularly high concentrations.  Nitrate (NO3
-) was significantly different (P<0.0001) 277 

across all three regions with Toolik having the highest concentrations (5.57±1.65 μM, n=74), 278 

followed by Feniak (3.64±3.56 μM, n=40) and Anaktuvuk (0.26±0.81 μM, n=168).  No 279 

significant differences were found across regions for phosphate (PO4
3-).  Mean values for site 280 

specific background water chemistry metrics can be found in Table S3 of the Supplement. 281 

 We compared background water chemistry between the Anaktuvuk reference sites (from 282 

the opportunistic sampling of Sites 3 and 4 on August 6, 2011) and burned sites using data only 283 

from that date (data not shown).  We found that NH4
+ (Reference 0.15±0.12 μM, n=4, versus 284 

Burn 0.63±0.11 μM, n=5, P=0.02), PO4
3- (Reference 0.06±0.04 μM, n=4, versus Burn 0.26±0.04 285 

μM, n=5, P=0.01), and TDP (Reference 0.10±0.10 μM, n=4, vs. Burn 0.49±0.06 μM, n=8, 286 

P=0.01) were all significantly higher in the burned streams compared to the reference streams on 287 

that date.  Background DOC was marginally higher (Reference 915±174 μM, n=4, versus Burn 288 
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mean 1341±123 μM, n=8, P=0.07) in the burned streams, while NO3
- was significantly higher in 289 

the reference streams (Reference 3.65±0.94 μM, n=4, versus Burn streams 0.24±0.67 μM, n=8, 290 

P=0.01). 291 

3.5. Seasonal patterns of BDOC  292 

 Biodegradability of DOC did not change significantly over time in five of the eight 293 

streams from which repeat measurements were taken (Fig. 5A).  The pattern in DOC 294 

biodegradability across the season differed among the three alluvial streams. BDOC % from 295 

samples obtained from the Kuparuk River (Site 1) and South River (Site 5) increased (Fig. 5B). 296 

In contrast, BDOC % from samples obtained from Oksrukyuik Creek (Site 2) decreased as the 297 

season progressed (Fig. 5C). 298 

4. Discussion  299 

 Contrary to our hypothesis, we found that streams disturbed by thermokarst and fire did 300 

not contain significantly altered labile DOC fractions compared to adjacent reference waters. The 301 

quantity, composition and biodegradability of riverine DOC sampled in this study differed 302 

primarily by region, likely driven by unique landscape and watershed characteristics (e.g. 303 

lithology; soil and vegetation type; elevation; and glacial age).  Watershed characteristics 304 

influence ecological patterns by controlling the chemistry of soils (Jenny, 1980); plants 305 

(Stohlgren et al., 1998); water (Hynes, 1975); and microbial community composition (Larouche 306 

et al., 2012).  Thus, it is not surprising to observe differences in DOC quantity and character 307 

across the three different regions sampled.  A circumboreal study across diverse watersheds 308 

found that DOC loadings also varied by region (i.e. extent of permafrost and runoff) (Tank et al., 309 

2012).  The range of BDOC % from streams and rivers measured in this study (4-46%) is similar 310 
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to other studies of Arctic riverine BDOC (<10-40%) (Wickland et al., 2007; Holmes et al., 2008; 311 

Mann et al., 2012).  312 

4.1. Short-lived effects from fire and thermokarst 313 

 Our study tested for differences in DOC quantity and biodegradability across three 314 

geographic regions for headwater stream reaches disturbed by fire and thermokarst.  DOC in 315 

thermokarst outflow is highly biodegradable (Woods et al., 2011; Cory et al., 2013; Vonk et al., 316 

2013), though biodegradability returns to pre-disturbance levels once features stabilized (Abbott 317 

et al., 2014).  Two potential explanations for the lack of thermokarst impact in this study are the 318 

relatively small portion of the watersheds occupied by thermokarst and the fact that the receiving 319 

streams were relatively large (2nd and 3rd order, in the case of Twin 1 and 3 in the Feniak region), 320 

diluting highly labile DOC exported from thermokarst at the watershed scale.  The two 321 

comparisons of the Valley of Thermokarst Reference watershed versus the Impacted in the 322 

burned landscape also did not show an expected impact attributed to the presence of stabilized 323 

active layer detachment slides.  In this case, the lack of physical and hydrologic connectivity 324 

between the slides on the south-facing hillslope and the stream valley bottom, and the rapid 325 

stabilization of the features may explain the lack of a watershed-scale influence.  Approximately 326 

2-3 years had passed since active layer detachment slide initiation when we sampled for BDOC. 327 

Moreover, 2011 was a particularly dry summer season with few storm events resulting in limited 328 

hydrologic connectivity between disturbed surfaces and the stream.  A study in the High 329 

Canadian Arctic also concluded that seasonal solute export from watersheds disturbed by 330 

thermokarst (disturbed watershed areas range from 6-46%) were more sensitive to increased soil 331 

temperatures and rainfall events than to the presence of active layer detachments (Lafrenière and 332 

Lamoureux, 2013).  333 



16 
 

 Cory et al. (2014) concluded that DOC in thermokarst outflow, with little prior exposure 334 

to light is >40% more susceptible to microbial conversion to CO2 when exposed to UV light than 335 

when kept dark (Cory et al., 2013).  Cory et al. (2014) also found that the majority of DOC (70-336 

95%) transferred from soils through surface waters (e.g. headwater streams, rivers and lakes) in 337 

the Arctic simply undergoes photolysis to CO2 (i.e. some combination of photo-mineralization 338 

and partial photo-oxidation), rather than bacterial respiration (i.e. biological mineralization).  339 

Therefore, there is strong evidence that highly biodegradable DOC from active thermokarst 340 

features may be processed in transit from the hillslope (Abbott et al., 2014), particularly if the 341 

flow paths are exposed to light (Cory et al., 2013), which may explain why we did not see 342 

significant differences between upstream and downstream thermokarst-impacted reaches in this 343 

study.  In general, there is conflicting evidence about the effects of thermokarst on surface water 344 

biogeochemistry (Lamoureux and Lafrenière, 2009; Lewis et al., 2011; Dugan et al., 2012).  In 345 

the study of the impact of a gully feature on an Arctic headwater stream, despite the fact that 346 

thermokarst outflow had a unique water quality signature from permafrost degradation, there was 347 

no discernible impact on the receiving stream, likely because thermokarst discharge was small 348 

compared to stream discharge and recovery of the thermokarst disturbance was rapid (Larouche 349 

et al., in review).  Thus, it is possible that the majority of the labile DOC liberated via 350 

thermokarst will not have a strong overall impact on the biogeochemistry of receiving aquatic 351 

ecosystems.  352 

 The typical post-burn biogeochemical signal that many have found in lower latitude 353 

ecosystems may not manifest in burned Arctic watersheds due to the added complexity of 354 

permafrost dynamics that also change due to fire.  Monitoring and modeling efforts in the 355 

terrestrial system of the Anaktuvuk River Fire scar suggest that tundra surface properties (e.g. 356 
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greenness, albedo, thaw depth) appear to recover rapidly post-fire (Rocha et al., 2012).  DOC 357 

quantity and biodegradability may have been altered immediately after the tundra burned but our 358 

sampling four years post-fire may have missed the initial response to fire.  359 

4.2 Picking an appropriate reference for paired watershed studies   360 

We originally planned for the Toolik river sites (Kuparuk and Oksrukyuik) to be the 361 

reference sites for the burned streams.  Had we not opportunistically sampled the two sites north 362 

of the burn boundary or the sites in the Feniak region, we may have attributed differences in 363 

water chemistry to fire disturbance rather than watershed characteristics.  Even though we 364 

detected no effect of fire and thermokarst on BDOC, we had a limited sample size and therefore 365 

low power in making this statistical conclusion.  We conclude that water chemistry differs 366 

significantly by region (Fig. 4), regardless of disturbance.  However, when we compare the 367 

Anaktuvuk reference sites to the east of the burn boundary with the sites within the burned area 368 

from a single sampling date on August 6, 2011 (the only date we were able to sample reference 369 

sites outside of the burned boundary) we found significant differences in water chemistry (i.e. 370 

higher DOC, NH4
+, PO4

3-, TDP and lower NO3
- in the burned streams, data not shown).  There 371 

could also be differences in BDOC metrics between the Anaktuvuk reference and burned 372 

streams, but our sample size is too small to detect this difference. 373 

4.3. Why do DOC pools and biodegradability differ by region? 374 

 Landscape age and associated ecosystem differences may explain the differences in 375 

BDOC we observed.  The Anaktuvuk landscape is substantially older (>700 ka) than the younger 376 

surfaces of Toolik (10-400 ka) and Feniak (50-80 ka).  Older landscapes can have deeper soil 377 

organic layers with more decomposed soil organic layers (Hobbie and Gough, 2004), potentially 378 
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resulting in lower DOC biodegradability in streamwater.  Elevation could also play a role with 379 

warmer air and soil temperatures accelerating decomposition in the Anaktuvuk (285±17 m) 380 

region compared to Feniak (757±18 m) and Toolik (604±33 m) areas.  The older landscape and 381 

lower elevation in the Anaktuvuk area may explain the higher concentrations of DOC, TDN and 382 

TDP and the lower DOC biodegradability observed in the streams, independent of the impact of 383 

fire or thermokarst.  Recent ecosystem modeling of nutrient dynamics in the Anaktuvuk burn 384 

scar predicted an accumulation of nutrients in soil during the early stages of succession due to 385 

sustained or accelerated mineralization of nutrients from organic matter in combination with 386 

decreased plant nutrient demand due to sparse plant cover post fire (Yueyang Jiang et al., 2015).  387 

Abundant nutrients in the soil post fire could be transported to streams, consistent with our 388 

observations of high nitrogen and phosphorus in the Anaktuvuk streams.  389 

 The three study areas had distinct vegetation communities (Table 1) and the 390 

concentration and characteristics of streamwater DOC differ according to its source (McDowell 391 

and Likens, 1988).  We found that Anaktuvuk stream samples contained high DOC 392 

concentration of low biodegradability and that the area sampled (i.e. in the southern area of the 393 

burn scar) likely receives allochthonous inputs from moist acidic tundra (MAT) communities 394 

(Jorgenson et al., 2010).  Conversely, Feniak streams, which receive allochthonous inputs from 395 

moist non-acidic tundra (MNAT) (Jorgenson et al., 2010), contained low DOC concentration of 396 

high biodegradability.  In general, the rivers in the Toolik area contained low DOC concentration 397 

of a relatively recalcitrant form.  Thermokarst features draining MNAT have higher BDOC 398 

compared to MAT, perhaps due to accelerated decomposition of dissolved organic matter from 399 

higher N availability in acidic tundra before reaching the stream (Abbott et al., 2014).  Thus, the 400 

MNAT vegetation type in the Feniak area may explain its high BDOC %.  401 
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 Arctic rivers and streams are generally high in dissolved organic matter and low in 402 

inorganic nutrients (Dittmar and Kattner, 2003).  Although there is little evidence for nutrient 403 

limitation of DOC degradation, background dissolved inorganic N concentrations were 404 

positively correlated with BDOC % in thermokarst outflow (Abbott et al., 2014).  Feniak streams 405 

also tend to have higher concentrations of NH4
+, potentially alleviating any limits on DOC 406 

uptake caused by nitrogen availability.  Anaktuvuk streams contain an order of magnitude higher 407 

concentrations of DOC, TDN and TDP, compared to Feniak and Toolik streams, potentially 408 

explained by the older landscape age and also stream type (i.e. all but one of the stream sites 409 

sampled in the Anaktuvuk area were of the beaded type which tend to contain more peat and 410 

therefore potentially greater amounts of stored carbon, nitrogen and phosphorus).  The 411 

morphology of streams and watershed characteristics such as soil type likely play an important 412 

role in inorganic nutrient concentrations that may in-turn affect DOC biodegradability.  413 

However, there is mixed evidence on whether nutrient availability is directly linked to 414 

biodegradability of Arctic DOC (Abbott et al., 2014; Holmes et al., 2008).  Surface-subsurface 415 

connectivity with the hyporheic zone, and rates of nutrient regeneration differ between beaded 416 

and alluvial Arctic stream systems (Greenwald et al 2008).   417 

 Another important consideration is DOC adsorption reactions and the role of suspended 418 

sediment and exposed mineral soils in permafrost areas disturbed by thermokarst and or fire.  In 419 

this study we found some of the streams in the Feniak region (those that were impacted by 420 

thermokarst) contained high concentrations of total suspended sediment. Feniak streams had 421 

lower DOC concentration, but DOC was more biodegradable. This pattern is consistent with 422 

observations of low DOC concentration following  thermokarst and fire in lakes, likely due to 423 

adsorption of DOC to exposed mineral soil and suspended mineral soil particles (Kokelj et al., 424 
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2005).  The input of suspended mineral soil from thermokarst can result in greater transparency 425 

in the water column compared to undisturbed lakes (Kokelj et al., 2009) due to adsorption of 426 

organic material by mineral sediment from slumps that adsorbs DOC and then settles to the lake 427 

bottom (Thompson et al., 2008).   428 

4.4. Seasonality of BDOC  429 

 Contrary to several studies showing highest BDOC during snowmelt, followed by a 430 

decrease through the growing season (Holmes et al., 2008; Spencer et al., 2008; Mann et al., 431 

2012; Raymond et al., 2007), we found variable seasonal patterns of BDOC.  The majority of 432 

these studies are in larger, arctic river systems whereas our study sampled 1st and 2nd order 433 

headwater streams.  Stream morphology may also play a role since beaded streams are made up 434 

of ice-rich polygons that may contain older forms of DOC and are typically colder compared to 435 

alluvial systems (Brosten et al., 2006).  Thermo-erosion gullies, a common upland thermokarst 436 

type, often form from the thaw of ice-rich polygons and the outflow from gullies contained the 437 

least biodegradable DOC compared to other feature types, although still elevated compared to 438 

reference waters (Abbott et al., 2014).  Thus, although polygonal areas are susceptible to thaw 439 

via gully formation or beaded stream formation, it is possible that the ice wedges contain low 440 

BDOC %.  We observed an increase in BDOC % in the Kuparuk River (Site 1) and South River 441 

(Site 5), both of which are alluvial systems without any lake influence upstream of the river 442 

network (Fig. 5B), whereas we observed a decreasing trend in BDOC % in Oksrukyuik Creek, an 443 

alluvial system with a series of lakes upstream of our sampling point (Fig. 5C).  In the alluvial 444 

streams without lakes, it is likely that after the pulse of labile terrestrial DOC during the freshet 445 

(which our study did not sample), tundra plant and in-stream algal productivity increases as the 446 

growing season progresses and in-turn increases stream DOC biodegradability as sources shift 447 
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from allochthonous to autochthonous.  We suggest that the lake effect in the Oksrukyuik Creek 448 

watershed serves as a reservoir for a pulse of highly labile, aquatic-derived BDOC in the 449 

beginning of the growing season, following the flush from the terrestrial ecosystem during the 450 

spring freshet. The BDOC in general from the alluvial stream with the lake influence is more 451 

labile (BDOC % range 15.7 – 24.6) compared to the alluvial systems without lakes (BDOC % 452 

range 0.75 - 13.9) as it leaks from the rich lake environment down the watershed, likely seeding 453 

the stream with rich material from the lake across the season. 454 

4.5. Conclusions 455 

 Although active thermokarst outflow contains highly biodegradable DOC (Woods et al., 456 

2011; Cory et al., 2013; Vonk et al., 2013; Abbott et al., 2014) and dissolved organic matter 457 

biodegradability from boreal soil leachate is lower from burned than unburned soils (Olefeldt et 458 

al., 2013) we found no significant effect of fire or thermokarst in the streams we sampled.  Our 459 

study indicates strong variation of stream water chemistry and DOC quantity, biodegradability, 460 

and aromaticity based on landscape characteristics.  Although elevated concentrations and export 461 

of sediment and nutrients from thermokarst have been documented (Bowden et al., 2008; Kokelj 462 

et al., 2009; Lamoureux and Lafrenière, 2009; Lamoureux and Lafrenière, 2014), the impact on 463 

hydrologic export depends largely on the magnitude and type of thermokarst disturbance, the 464 

time from initial disturbance to stabilization, and the hydrologic connectivity between the feature 465 

and downslope aquatic ecosystems (Lewis et al., 2011; Shirokova et al., 2013; Thienpont et al., 466 

2013).  Although thermokarst gullies and active layer detachment slides are the dominant 467 

thermokarst types in the area we sampled (e.g. ~80% of all the thermokarst in the vicinity of the 468 

Toolik Field Station) (Krieger, 2012), their relatively short-lived active export period prior to 469 

stabilization may not significantly alter landscape-scale biogeochemical cycling.  Conflicting 470 
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reports of the effects of permafrost disturbance on BDOC suggest that substantial uncertainty 471 

remains about the vulnerability of aquatic ecosystems as the permafrost region warms.  Given 472 

the complexities and interactions of the controlling biogeochemical variables on Arctic dissolved 473 

organic matter, monitoring thermokarst and fire impacts at both the site and watershed scales, as 474 

well as the consideration of landscape characteristics could address this disconnect. 475 
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Table 1. Watershed characteristics of sampling sites.  825 

Region Site Site Stream Stream 
Order1 

Watershed 
Area1 

Watershed 
Elevation1 

Watershed 
Slope1 

Channel 
Length1 Bedrock2 

  ID Name Type (Strahler) (km2)  (m) (degrees) (km) (%) 

Toolik 1 Kuparuk River Alluvial 4 132.8 987 8.9 239 3.0 

Toolik 2 Oksrukyuik Creek Alluvial 3 57.2 868 5.2 104 0.0 

Anaktuvuk 3 Burn Reference Site 1 Alluvial 3 52.6 213 4.9 128 0.0 

Anaktuvuk 4 Burn Reference Site 2 Alluvial 4 167.3 353 5 341 0.0 

Anaktuvuk 5 South River Alluvial 4 96.5 415 4.7 170 0.0 

Anaktuvuk 6 North River Beaded 4 72.5 351 5 96 0.0 

Anaktuvuk 7 Valley of Thermokarst 
Reference Beaded 3 15.7 373 5.7 23 0.0 

Anaktuvuk 8 Valley of Thermokarst 
Impacted Beaded 3 26.7 391 5.1 41 0.0 

Feniak 9 Bloodslide Reference Alluvial 2 1.5 750 - - - 

Feniak 10 Bloodslide Impacted Alluvial 2 5.2 750 12.1 4 100 

Feniak 11 Twin 1  Alluvial 2 23.2 700 9.8 16 20.9 

Feniak 12 Twin 3  Alluvial 3 43 826 14.8 31 11.3 
 826 

Variable 
Ground 

Ice2 

Glacial 
Age3 Ecotype4 Vegetation  Vegetation5  Disturbance Coordinates 

(%) (ka)   Code5   Type (UTM) 

97.0 200-700 Lowland Birch-Ericaceous 
Low Shrub II.C.2.a. Open Low Mixed Shrub-Sedge Tussock 

Tundra Reference 68.6430 -149.4028 

91.0 200-700 Lowland Sedge-Willow Fen II.C.2.h. Open Low Willow-Sedge Shrub Tundra Reference 68.6709 -149.1380 

0.0 >700 Lowland Willow Low Shrub II.C.1.b. Closed Low Willow Shrub Reference 69.2889 -150.4327 

0.0 >700 Riverine Moist Willow Tall 
Shrub II.B.1.a. Closed Tall Willow Shrub Reference 69.1764 -150.1558 

45.7 >700 Lowland Willow Low Shrub II.C.1.b. Closed Low Willow Shrub Burned 68.9973 -150.3080 

3.6 >700 Lowland Willow Low Shrub II.C.1.b. Closed Low Willow Shrub Burned 69.0536 -150.4003 

0.0 >700 Upland Willow Low Shrub II.C.2.h. Open Low Willow-Sedge Shrub Tundra Burned 68.9350 -150.6861 

0.0 >700 Upland Dwarf Birch-Tussock 
Shrub II.C.2.a. Open Low Mixed Shrub-Sedge Tussock 

Tundra Burned + ALDs 68.9611 -150.7008 

- 200-700 Alpine Wet Sedge Meadow II.A.3.c. Wet Sedge Herb Meadow Tundra Reference 68.2794 -157.0256 

0.0 200-700 Alpine Wet Sedge Meadow II.A.3.c. Wet Sedge Herb Meadow Tundra ALD 68.2809 -157.0245 

0.0 50-80 Upland Sedge-Dryas Meadow III.A.2.j. Sedge-Dryas Tundra Reference & TS 67.9620 -156.7814 

0.0 50-80 Upland Sedge-Dryas Meadow III.A.2.j. Sedge-Dryas Tundra Reference & TS 67.9612 -156.8304 

 827 
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 839 

Figure 1. Map of study areas. Map credit: J. Noguera, Toolik Field Station GIS and Remote 840 
Sensing Facility. 841 
  842 
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 843 
Figure 2. Assessing the impact of thermokarst on stream DOC quantity (A); Biodegradability in 844 
terms of absolute loss (B) and percent loss (C) after 40 days; and SUVA254 (D). Means and 845 
standard error are reported. Sample size (n) represents an individual sampling event of stream 846 
reach. ‘Feniak Reference’ and ‘Feniak TK’ groups each represent 3 stream reaches sampled 847 
upstream and downstream of active thermokarst features one time in the Feniak region. The 848 
‘Anaktuvuk Burned’ group represents 3 stream reaches, one of which was sampled five times 849 
and two of which were sampled four times within the fire boundary. The ‘Anaktuvuk Burned + 850 
TK’ group represents one stream reach within the fire boundary that contains multiple active 851 
layer detachment slide thermokarst within its watershed, sampled five times over the season. 852 
ANOVA was used to detect differences for the two comparisons.  Similar letters indicate no 853 
differences.   854 
 855 
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 856 
Figure 3. Assessing the impact of region (regardless of treatment) on stream DOC quantity (A); 857 
Biodegradability in terms of absolute loss (B) and percent loss (C) after 40 days; and SUVA254 858 
D). Box plots represent median, quartiles, minimum and maximum within 1.5 times the 859 
interquartile range (IQR), and outliers beyond 1.5 IQR. Sample size (n) represents a sampling of 860 
a stream on a given day. The ‘Feniak’ group represents 6 stream reaches sampled one time in the 861 
Feniak region. The ‘Toolik’ group represents 2 stream reaches sampled 5 times over the season. 862 
The ‘Anaktuvuk’ group represents 6 burned stream reaches sampled 4-5 times plus the 2 863 
unburned sites sampled once. Different letters represent significant differences between regions, 864 
α = 0.05. 865 
 866 
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 867 
 868 
Figure 4. Biogeochemical characteristics of streams within each region (includes all available 869 
data, not just from BDOC sampling sites/dates). Box plots represent median, quartiles, minimum 870 
and maximum within 1.5 times the interquartile range, and outliers beyond 1.5 IQR. Different 871 
letters represent significant differences between regions, α = 0.05. Sample sizes vary (see text). 872 
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 875 
 876 

 877 
 878 
Figure 5. Seasonal trends in BDOC (%): (A) Beaded stream sites – no significant trends; (B) 879 
alluvial sites without any lake influence – significantly increasing trends; (C) alluvial site with 880 
lake influence upstream - significantly decreasing trend. Each symbol and associated error bars 881 
represent the mean BDOC (%) and the standard error of the four field replicates. 882 
 883 


