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Abstract

In the Alaskan Arctic, rapid climate change is increasing the frequency of disturbance
including wildfire and permafrost collapse. These pulse disturbances may influence
the delivery of dissolved organic carbon (DOC) to aquatic ecosystems, however the
magnitude of these effects compared to the natural background variability of DOC at5

the watershed scale is not well known. We measured DOC quantity, composition, and
biodegradability from 14 river and stream reaches (watershed sizes ranging from 1.5–
167 km2) some of which were impacted by permafrost collapse (thermokarst) and fire.
We found that region had a significant impact on quantity and biodegradability of DOC,
likely driven by landscape and watershed characteristics such as lithology, soil and10

vegetation type, elevation, and glacial age. However, contrary to our hypothesis, we
found that streams disturbed by thermokarst and fire did not contain significantly al-
tered labile DOC fractions compared to adjacent reference waters, potentially due to
rapid ecosystem recovery after fire and thermokarst as well as the limited spatial ex-
tent of thermokarst. Overall, biodegradable DOC ranged from 4 to 46 % and contrary15

to patterns of DOC biodegradability in large Arctic rivers, seasonal variation in DOC
biodegradability showed no clear pattern between sites, potentially related to stream
geomorphology and position along the river network. While thermokarst and fire can
alter DOC quantity and biodegradability at the scale of the feature, we conclude that
tundra ecosystems are resilient to these types of disturbance.20

1 Introduction

As the Arctic warms, the biogeochemical signature of its rivers and streams will likely be
an indicator of the response of aquatic and adjacent terrestrial ecosystems to climate
change (Holmes et al., 2000; McClelland et al., 2007; Frey and McClelland, 2009).
Arctic freshwater ecosystems process and transport substantial loads of dissolved or-25

ganic carbon (DOC) delivering 34–38 Tgyr−1 to the Arctic Ocean, and mineralizing
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or immobilizing another 37–84 Tgyr−1 (McGuire et al., 2009; Holmes et al., 2012).
Biodegradable DOC (BDOC) is the biologically available fraction of DOC and is de-
fined as the percent DOC loss over time (typically 7 to 40 days) due to mineralization or
uptake (McDowell et al., 2006). Given anticipated changes in the arctic climate, there
has been growing interest to quantify changes in the magnitude of overall DOC flux5

(Holmes et al., 2012; Tank et al., 2012) as well as the BDOC exported by small head-
water streams and large rivers in the Arctic (Striegl et al., 2005; Spencer et al., 2008;
O’Donnell et al., 2012), particularly in areas impacted by disturbances associated with
climate change.

Disturbance in arctic and boreal ecosystems is expected to escalate in response to10

future changes in climate. Examples of physical responses to climate change in north-
ern Alaska include the deepening of the seasonally-thawed surface soil or active layer
(Shiklomanov et al., 2010), permafrost warming (Romanovsky et al., 2002, 2011), per-
mafrost collapse (Jorgenson et al., 2006; Belshe et al., 2013; Balser et al., 2014), and
wildfire (Randerson et al., 2006). There is evidence of recent increases in permafrost15

disturbance (Gooseff et al., 2009; Balser et al., 2014) on the North Slope of Alaska
and wildfire has the potential to become a major disturbance factor in the tundra region
(Higuera et al., 2011; Rocha et al., 2012).

Thaw of ice-rich permafrost results in soil collapse or subsidence, termed
thermokarst (Kokelj and Jorgenson, 2013). Thermokarst can export substantial quanti-20

ties of sediment, carbon, nitrogen, and phosphorus to Arctic streams, rivers and lakes
(Kokelj et al., 2005, 2009, 2013; Bowden et al., 2008; Lamoureux and Lafrenière, 2009;
Lewis et al., 2011; Dugan et al., 2012; Malone et al., 2013; Harms et al., 2014). The
magnitude of exported material depends largely on thermokarst size, type, activity, and
hydrologic connectivity (Lewis et al., 2011; Lafrenière and Lamoureux, 2013; Abbott25

et al., 2014). For example, thermokarst features can mobilize substantial amounts of
sediments and nutrients that are not delivered to downslope aquatic ecosystems and
instead retained along the hillslopes or in the riparian zone (Larouche et al., 2015).
DOC in the outflow of thermokarst features is highly labile (Woods et al., 2011; Vonk
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et al., 2013; Abbott et al., 2014), particularly when exposed to light (Cory et al., 2013).
While sediment and solute concentrations and the proportion of BDOC can be high
in thermokarst outflow, the impact on the watershed depends on the total mass flux
or load (Lewis et al., 2012). The effects of thermokarst disturbance on Arctic aquatic
ecosystems are poorly understood at the watershed scale, limiting useful inferences5

about future system response to climate change.
The organic horizon of tundra soils insulates permafrost from warm summer air tem-

peratures. The removal of surface soil carbon during fire promotes underlying per-
mafrost degradation (Burn, 1998; Yoshikawa et al., 2002), increases thaw depth for
decades post-fire (Rocha et al., 2012), and triggersthermokarst development (Os-10

terkamp and Romanovsky, 1999). Wildfire disturbance in lower latitude ecosystems
can increase concentrations of major ions and nutrients in soil and stream water (Bay-
ley et al., 1992a, b; Chorover et al., 1994). In the boreal forest of Alaska, stream DOC
concentration declined following a wildfire, presumably due to loss of microbial biomass
(Schindler et al., 1997; Petrone et al., 2007; Betts and Jones, 2009) and bioavailable15

dissolved organic matter in streams decreased post-fire and during thermokarst forma-
tion (Balcarczyk et al., 2009).

Across various biomes the composition and biodegradability of riverine DOC
changes seasonally due to a tight coupling between terrestrial and aquatic ecosys-
tems (Holmes et al., 2008; Fellman et al., 2009; Wang et al., 2012). In the Arctic, DOC20

concentration and biodegradability is highest during snowmelt and early spring and
decreases progressively through the summer (Holmes et al., 2008; Mann et al., 2012;
Vonk et al., 2013). However, the majority of studies investigating Arctic BDOC have
focused on downstream reaches in large alluvial systems leaving the seasonal and
spatial variation of BDOC in headwater streams largely unknown.25

The questions we address in this paper are, “Does BDOC and water chemistry differ
at the watershed scale among landscape types?” and “Does BDOC and water chem-
istry differ in streams impacted by thermokarst and fire?”. To answer these questions
we measured the quantity, biodegradability, and aromaticity of DOC and background
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water chemistry from Arctic headwater streams and rivers. We sampled watersheds in
three geographic regions affected by a combination of fire and thermokarst to evaluate
controls on DOC quantity and biodegradablity at the watershed scale. We hypothesized
thermokarst would increase DOC concentrations and BDOC due to the delivery of la-
bile carbon from thawed permafrost. Because wildfire in the Arctic can directly impact5

DOC export, as well as have secondary effects due to changes in active layer depth
and extent of permafrost, we hypothesized that wildfire may decrease BDOC due to
the combustion of soil carbon stocks during fire. However, if wildfire promotes exten-
sive permafrost degradation and thermokarst production then BDOC concentrations
might increase.10

2 Methods

2.1 Study areas and sampling design

We took advantage of natural disturbance to test our hypotheses. We collected stream
water from 16 reaches, 11 of which were individual Arctic rivers and streams on or near
the North Slope of Alaska including the regions around the Toolik Field Station, Feniak15

Lake, and the Anaktuvuk River wildfire area (Fig. 1, Table 1). Seven of the stream
sites were apparently undisturbed (reference) reaches and nine sites were impacted
by a combination of wild fire and thermokarst of various types, including retrogressive
thaw slumps and active layer detachment slides, two of the most common thermokarst
morphologies in upland landscapes (Kokelj and Jorgenson, 2013). The Toolik Field Sta-20

tion is located 254 km north of the Arctic Circle and 180 km south of the Arctic Ocean.
The average annual temperature is −10 ◦C and average monthly temperatures range
from −25 ◦C in January to 11.5 ◦C in July. The Toolik area receives 320 mm of precip-
itation annually with 200 mm falling between June and August (Toolik, 2011). Feniak
Lake is located 360 km west of the Toolik Field Station in the central Brooks Range in25

the Noatak National Preserve. The average annual temperature approximately 25 km
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southwest of Feniak Lake is −8.1 ◦C and the Feniak region receives more precipita-
tion than Toolik and Anaktuvuk with an annual average of 408 mm (WRCC, 2011). The
Anaktuvuk area receives the bulk of its precipitation during the months of June through
September with a long-term summer average of 107 mm (Jones et al., 2009). All three
areas are underlain by continuous permafrost. Landscapes in the Toolik and Feniak5

Lake area are underlain by glacial till, bedrock and loess parent materials ranging in
age from 10–400 ka (Hamilton, 2003). The two sites sampled in the Toolik area consist
primarily of glacial deposits assigned to the Sagavanirktok River (middle Pleistocene)
and Itkillik I and II (late Pleistocene) glaciations of the central Brooks Range (Hamil-
ton, 2003). Upland substrates in the Feniak area include non-carbonate, carbonate10

and ultramafic lithologies (Jorgenson et al., 2001), and are typically overlain by collu-
vial deposits, soliflucted hillslopes, glacial till and outwash primarily of early Itkillik Age
(roughly 50 000 years BP) (Hamilton, 2009). The Anaktuvuk River area is on a sub-
stantially older (> 700 ka) landscape farther north from the field station and foothills.
The southern one-third portion of the burned area rests on a combination of upland15

colluvium or old glacial surfaces while the northern two-thirds of the burn surface rests
on eolian silt deposited in the mid-Pleistocene (Jorgenson et al., 2010).

In the summer of 2007 in the Anaktuvuk River area, above-normal temperatures,
below-normal precipitation, and extremely low soil moisture conditions favored fire con-
ditions when a lightning strike ignited the tundra on 16 July. Air temperature in July20

to September of that year was the warmest over a 129 year record, with a +2.0 ◦C
anomaly, and that summer was the driest of a 29 year record with the four month total
precipitation just over 20 mm (Jones et al., 2009). The resulting fire was the largest
fire on record for the North Slope of Alaska, burning 1039 km2 and removing ∼ 31 % of
tundra ecosystem carbon (Mack et al., 2011).25

2.2 Sample collection

In 2011, we sampled reference streams and streams impacted by thermokarst and
wildfire near the Toolik Field Station, the Anaktuvuk burn scar, and Feniak Lake. In the
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Toolik area we sampled the Kuparuk River (Site 1) and Oksrukyuik Creek (Site 2), both
of which have not been impacted by fire or thermokarst. In the Anaktuvuk area, we
sampled four reference rivers on 6 August 2011, two of which we analyzed for BDOC
(Burn Reference 1=Site 3 and Burn Reference 2=Site 4), located to the east of the
burn boundary to serve as landscape references for the sites located within the burned5

scar. Within the Anaktuvuk burned boundary we sampled 4 unique streams including
the South (Site 5) and North (Site 6) Rivers, both of which were burned, but undisturbed
by thermokarst. Also within the Anaktuvuk scar, we sampled two watersheds referred
to as the Valley of Thermokarst; one watershed (Sites 7a and 7b) that was burned
but had no thermokarst features present and one watershed (Sites 8a and 8b) was10

burned and contained numerous active layer detachment slides that formed on the
south-facing slope post-fire. In the Feniak area we focused our efforts at two sites. We
sampled a small watershed containing two tributaries, Bloodslide Reference (Site 9)
that drained the northwestern portion of the watershed unimpacted by thermokarst and
Bloodslide Impacted (Site 10) that drained the southeastern side of the watershed and15

received the outflow of a very recent, active layer detachment slide. The other location
in Feniak was along a larger headwater system impacted by three large, active thaw
slumps and we sampled upstream and downstream of both the first (Sites 11a and
11b) and third (Sites 12a and 12b) thaw slump features.

To quantify seasonal variability of BDOC we took repeat measurements 4–5 times20

over the 2011 summer season from the Toolik and Anaktuvuk stream sites, except
for the two Anaktuvuk reference sites that were sampled once. Due to their remote
locations, sites located in the Feniak Lake area were sampled once during 2011. At
each stream site, we collected four replicate field samples, which we filtered (0.7 µm,
Advantec GF-75) into 250 mL amber LDPE bottles for transport to Toolik Field Station25

or Feniak Lake base camp and set up incubations within 24 h of collection. We also
collected separate bottles for background water chemistry (filtered and preserved for
later analyses) and for photometric absorbance analyses (filtered and measured within
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24 h, except for the Feniak samples which were measured within a week back at Toolik
Field Station).

2.3 BDOC incubation assays

We followed the BDOC incubation protocol described in Abbott et al. (2014). In brief,
we amended all samples with nutrients (state the types and concentrations), inoculated5

them with a common bacterial community from the local site, and measured DOC loss
at three time steps: initial DOC at day 0 (t0), at day 10 (t10), and at the end of a 40 day
incubation (t40), We found that the day 10 incubations yielded inconsistent results (i.e.
DOC gain at t10 yielding negative BDOC) and so for the purposes of this paper we focus
only on DOC loss over 40 days (t40). DOC loss (absolute loss and percentage loss10

relative to initial concentration) was calculated for each field replicate sample (n = 4) on
each sampling date. Mean values for initial DOC concentration (um); absolute 40 day
loss (um); and 40 day percent loss (%) were calculated from the 4 field replicates for
each site and date. Quality control of the calculations was evaluated on a case by
case basis and any sample where a suspicious DOC measurement was identified was15

removed. Only one replicate out of the total of 184 samples was removed.

2.4 DOC composition (SUVA254)

We characterized DOC composition by Specific Ultraviolet Absorbance at 254 nm
(SUVA254; L mg C−1 m−1), a photometric measure of DOC aromaticity (Weishaar et al.,
2003). UV absorbance was measured on a Shimadzu UV-1601 using a 1.0 cm quartz20

cell and was calculated by dividing UV absorbance by DOC concentration in mg L−1.

2.5 Water chemistry

We analyzed water samples for total suspended sediment (TSS, mg L−1); alkalinity
(µeqL−1); total dissolved nitrogen (TDN, µM); ammonium (NH+

4 , µM); nitrate (NO−
3 ,

µM); total dissolved phosphorus (TDP, µM); soluble reactive phosphorus (SRP) as25
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phosphate (PO3−
4 , µM); and cations (magnesium, Mg+; calcium, Ca+; potassium, K+;

sodium, Na+, mg L−1). Supplementary Table A1 summarizes the methods and instru-
ments used for water chemistry analyses. The sites in the Anaktuvuk and Toolik areas
were sampled with ISCO automated samplers deployed for daily composite sampling
(except for Sites 7b and 8b which were sampled manually). Sites in the Feniak area5

were sampled manually.

2.6 Statistics

The variance values around all mean values reported below are standard errors (SE).
We tested for differences in BDOC metrics and background water chemistry variables
among streams within groups defined a priori by analysis of variance (ANOVA). Sig-10

nificant differences between streams (p < 0.05) were further evaluated using Tukey’s
multiple-comparison test (Lane, 2010). We considered comparisons with a p value<
0.1 to be marginally significant. For all analyses, we evaluated normality with normal
probability plots and equal variance with Levene’s test (Levene, 1960). If the Levene
unequal variances test was significant, Welch’s test (Welch, 1951) was used to de-15

tect differences instead of ANOVA. Normality plots, equal variance tests and ANOVA
analyses were performed with JMP Pro version 11.0 (SAS Institute Inc. 2012). Linear
regression was used to determine correlations between SUVA and BDOC %, and also
to determine relationships between BDOC % and date for those sites that were mea-
sured repeatedly. Linear regression analyses were performed with SigmaPlot version20

11.0 (Systat Software, Inc., San Jose California USA).
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3 Results

3.1 Initial (t0) DOC concentrations

Anaktuvuk reference sites had higher initial DOC concentrations (977±103 µM, n = 2)
than Feniak (316±83.9 µM, n = 3, P < 0.001) and Toolik (259±46.0 µM, n = 10, P <
0.0001) reference sites (Fig. 2a). The comparison of the reference and thermokarst-5

impacted sites in Feniak revealed no significant effect on initial DOC (P = 0.96) (Fig. 3a,
left). Moreover, we found no influence of thermokarst on initial DOC (P = 0.92) by
comparing the adjacent Reference and Impacted Valley of Thermokarst watersheds
(Sites 7a and 7b and 8b (burned) vs. 8a (burned+ thermokarst)) (Fig. 3a, right). Com-
bining all sites in a region together, the initial DOC concentration in the Anaktuvuk10

region (1098±38.4 µM, n = 30) was more than three times greater than in the Fe-
niak region (312±85.5 µM, n = 6, P < 0.0001) and in the Toolik region (259±66.4 µM,
n = 10, P < 0.0001) streams (Fig. 4a).

3.2 BDOC

The absolute BDOC concentration in Reference Feniak streams (125.2±17.0 µM,15

n = 3, P < 0.01) and reference Anaktuvuk streams (125.0±20.8 µM, n = 2, P < 0.05)
was greater than Toolik reference sites (45.5±9.3 µM, n = 10) (Fig. 2b). Feniak ref-
erence sites contained the highest BDOC % (38.1±2.6 %, n = 3) compared to Too-
lik (18.5±1.4 %, n = 10, P < 0.0001) and Anaktuvuk (14.5±3.2 %, n = 30, P < 0.001)
reference sites (Fig. 2c). There was no significant effect of thermokarst inflow on ab-20

solute BDOC (P = 0.91) or BDOC % (P = 0.99) (Fig. 3b and c, left). Nor did we find
an effect of thermokarst on absolute BDOC (P = 0.83) or BDOC % (P = 0.71) in the
Valley of Thermokarst (Sites 7a and 7b and 8b (burned) vs. 8a (burned+ thermokarst))
(Fig. 3b and c, right). Combining all sites within a region, we found that the absolute
BDOC (Fig. 4b) was significantly lower in the Toolik region (45±15.1 µM, n = 10) com-25

pared to the Feniak region (123±19.5 µM, n = 6, P < 0.01) and the Anaktuvuk region
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(105±8.7 µM, n = 30, P < 0.01) streams. BDOC % (Fig. 4c) was significantly different
(P < 0.0001) among streams from all three regions: Feniak (38.1±1.8 %, n = 6); Toolik
(18.5±1.4 %, n = 10); and Anaktuvuk (9.6±0.8 %, n = 2).

3.3 SUVA254

The values of SUVA254 ranged from 1.31 to 6.87 LmgC−1 m−1 across all streams sam-5

pled. The SUVA254 values for the Anaktuvuk reference sites (4.2±1.7 LmgC−1 m−1,
n = 2) were significantly higher that the values from the Feniak reference sites (1.8±
0.4 LmgC−1 m−1, n = 3, P = 0.01) or the Toolik reference sites (2.1±0.1 LmgC−1 m−1,
n = 10, P = 0.01) reference sites (Fig. 2d). Thermokarst inflow had no significant im-
pact on SUVA254 in the Feniak sites (P = 0.79, Fig. 3d, left). We also found no influence10

of thermokarst on SUVA254 (P = 0.66) within the Valley of Thermokarst burned water-
sheds (Sites 7a and 7b and 8b (burned) vs. 8a (burned + thermokarst)) (Fig. 3d, right).
Combining all sites within a region, the SUVA254 measurements differed significantly by
region (P < 0.0001). Toolik and Feniak area streams had lower SUVA254 values (range
1.31–2.62 LmgC−1 m−1), indicative of low humic content and aromaticity, compared to15

streams in the Anaktuvuk area (range 2.57–6.87 LmgC−1 m−1). SUVA254 values from
Anaktuvuk sites (4.8±0.12 LmgC−1 m−1, n = 30) were more than double those in Fe-
niak (1.9±0.29 LmgC−1 m−1, n = 6, P < 0.0001) and Toolik (2.1±0.22 LmgC−1 m−1,
n = 10, P < 0.0001) streams (Fig. 4d). We found a negative exponential relationship
between SUVA254 and BDOC % (Fig. 5).20

3.4 Background water chemistry

Most background water chemistry variables differed significantly among regions
(Fig. 6). Stream alkalinity was approximately five-fold higher in the Feniak streams
(1734±1167 µeqL−1, n = 40) compared to alkalinity in Toolik (310±69 µeqL−1, n = 74,
P < 0.0001) and Anaktuvuk (361±287 µeqL−1, n = 168, P < 0.0001) streams. Anak-25

tuvuk streams contained approximately three times the amount of TDN and TDP com-
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pared to Feniak and Toolik streams (P < 0.0001). Ammonium (NH+
4 ) concentrations

in the Feniak streams were variable, but two of the sites contained particularly high
concentrations. Nitrate (NO−

3 ) was significantly different (P < 0.0001) across all three
regions with Toolik having the highest concentrations (5.57±1.65 µM, n = 74), followed
by Feniak (3.64±3.56 µM, n = 40) and Anaktuvuk (0.26±0.81 µM, n = 168). No signif-5

icant differences were found across regions for phosphate (PO3−
4 ).

We compared background water chemistry between the Anaktuvuk reference sites
(from the opportunistic sampling on 6 August 2011) and burned sites using data only
from that date (data not shown). We found that NH+

4 (Reference 0.15±0.12 µM, n = 4,
vs. Burn 0.63±0.11 µM, n = 5, P = 0.02), PO3−

4 (Reference 0.06±0.04 µM, n = 4, vs.10

Burn 0.26±0.04 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, P = 0.01) were all significantly higher in the burned streams
compared to the reference streams on that date. Background DOC was marginally
higher (Reference 915±174 µM, n = 4, vs. Burn mean 1341±123 µM, n = 8, P = 0.07)
in the burned streams, while NO−

3 was significantly higher in the reference streams15

(Reference 3.65±0.94 µM, n = 4, vs. Burn streams 0.24±0.67 µM, n = 8, P = 0.01).

3.5 Seasonal patterns of BDOC

Biodegradability of DOC did not change significantly over time in five of the eight
streams from which repeat measurements were taken (Fig. 7a). The pattern in DOC
biodegradability across the season differed among the three alluvial streams. BDOC20

% from samples obtained from the Kuparuk River (Site 1) and South River (Site 5) in-
creased (Fig. 7b). In contrast, BDOC % from samples obtained from Oksrukyuik Creek
(Site 2) decreased as the season progressed (Fig. 7c).
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4 Discussion

Contrary to our hypothesis, we found that streams disturbed by thermokarst and fire
did not contain significantly altered labile DOC fractions compared to adjacent refer-
ence waters. The quantity, composition and biodegradability of riverine DOC sampled
in this study differed primarily by region, likely driven by unique landscape and water-5

shed characteristics (e.g. lithology; soil and vegetation type; elevation; and glacial age).
Watershed characteristics influence ecological patterns by controlling the chemistry of
soils (Jenny, 1980); plants (Stohlgren et al., 1998); water (Hynes, 1975); and microbial
community composition (Larouche et al., 2012). Thus, it is not surprising to observe
differences in DOC quantity and character across the three different regions sampled.10

A circumboreal study across diverse watersheds found that DOC loadings also varied
by region (i.e. extent of permafrost and runoff) (Tank et al., 2012). The range of BDOC
% from streams and rivers measured in this study (4–46 %) is similar to other studies
of Arctic riverine BDOC (< 10–40 %) (Wickland et al., 2007; Holmes et al., 2008; Mann
et al., 2012).15

4.1 Short-lived effects from fire and thermokarst

Our study tested for differences in DOC quantity and biodegradability across three
geographic regions for headwater stream reaches disturbed by fire and thermokarst.
DOC in thermokarst outflow is highly biodegradable (Woods et al., 2011; Cory et al.,
2013; Vonk et al., 2013), though biodegradability returns to pre-disturbance levels20

once features stabilized (Abbott et al., 2014). Two potential explanations for the lack
of thermokarst impact in this study are the relatively small portion of the watersheds
occupied by thermokarst and the fact that the receiving streams were relatively large
(2nd and 3rd order, in the case of Twin 1 and 3 in the Feniak region), diluting highly
labile DOC exported from thermokarst at the watershed scale. The two comparisons of25

the Valley of Thermokarst Reference watershed vs. the Impacted in the burned land-
scape also did not show an expected impact attributed to the presence of stabilized
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active layer detachment slides. In this case, the lack of physical and hydrologic con-
nectivity between the slides on the south-facing hillslope and the stream valley bottom,
and the rapid stabilization of the features may explain the lack of a watershed-scale
influence. Approximately 2–3 years had passed since active layer detachment slide ini-
tiation when we sampled for BDOC. Moreover, 2011 was a particularly dry summer5

season with few storm events resulting in limited hydrologic connectivity between dis-
turbed surfaces and the stream. A study in the High Canadian Arctic also concluded
that seasonal solute export from watersheds disturbed by thermokarst (disturbed wa-
tershed areas range from 6–46 %) were more sensitive to increased soil temperatures
and rainfall events than to the presence of active layer detachments (Lafrenière and10

Lamoureux, 2013).
Cory et al. (2014) concluded that DOC in thermokarst outflow, with little prior ex-

posure to light is > 40 % more susceptible to microbial conversion to CO2 when ex-
posed to UV light than when kept dark (Cory et al., 2013). Cory et al. (2014) also
found that the majority of DOC (70–95 %) transferred from soils through surface waters15

(e.g. headwater streams, rivers and lakes) in the Arctic simply undergoes photolysis to
CO2 (i.e. some combination of photo-mineralization and partial photo-oxidation), rather
than bacterial respiration (i.e. biological mineralization). Therefore, there is strong ev-
idence that highly biodegradable DOC from active thermokarst features may be pro-
cessed in transit from the hillslope (Abbott et al., 2014), particularly if the flow paths20

are exposed to light (Cory et al., 2013), which may explain why we did not see signifi-
cant differences between upstream and downstream thermokarst-impacted reaches in
this study. In general, there is conflicting evidence about the effects of thermokarst on
surface water biogeochemistry (Lamoureux and Lafrenière, 2009; Lewis et al., 2011;
Dugan et al., 2012). In the study of the impact of a gully feature on an Arctic headwater25

stream, despite the fact that thermokarst outflow had a unique water quality signature
from permafrost degradation, there was no discernible impact on the receiving stream,
likely because thermokarst discharge was small compared to stream discharge and
recovery of the thermokarst disturbance was rapid (Larouche et al., 2015). Thus, it
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is possible that the majority of the labile DOC liberated via thermokarst will not have
a strong overall impact on the biogeochemistry of receiving aquatic ecosystems.

The typical post-burn biogeochemical signal that many have found in lower latitude
ecosystems may not manifest in burned Arctic watersheds due to the added complexity
of permafrost dynamics that also change due to fire. Monitoring and modeling efforts in5

the terrestrial system of the Anaktuvuk River Fire scar suggest that tundra surface prop-
erties (e.g. greenness, albedo, thaw depth) appear to recover rapidly post-fire (Rocha
et al., 2012). DOC quantity and biodegradability may have been altered immediately
after the tundra burned but our sampling four years post-fire may have missed the initial
response to fire.10

4.2 Picking an appropriate reference for paired watershed studies

We originally planned for the Toolik river sites (Kuparuk and Oksrukyuik) to be the refer-
ence sites for the burned streams. Had we not opportunistically sampled the two sites
north of the burn boundary or the sites in the Feniak region, we may have attributed
differences in water chemistry to fire disturbance rather than watershed characteris-15

tics. Even though we detected no effect of fire and thermokarst on BDOC, we had
a limited sample size and therefore low power in making this statistical conclusion. We
conclude that water chemistry differs significantly by region (Fig. 6), regardless of dis-
turbance. However, when we compare the Anaktuvuk reference sites to the east of the
burn boundary with the sites within the burned area from a single sampling date on20

6 August 2011 (the only date we were able to sample reference sites outside of the
burned boundary) we found significant differences in water chemistry (i.e. higher DOC,
NH+

4 , PO3−
4 , TDP and lower NO−

3 in the burned streams, data not shown). There could
also be differences in BDOC metrics between the Anaktuvuk reference and burned
streams, but our sample size is too small to detect this difference.25
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4.3 Why do DOC pools and biodegradability differ by region?

Landscape age and associated ecosystem differences may explain the differences in
BDOC we observed. The Anaktuvuk landscape is substantially older (> 700 ka) than
the younger surfaces of Toolik (10–400 ka) and Feniak (50–80 ka). An older landscape
would host deeper and more decomposed soil organic layers (Hobbie and Gough,5

2004), particularly under warmer conditions at a lower elevation, potentially imparting
lower BDOC % in streamwater. Elevation likely plays a role with warmer air and soil
temperatures in the Anaktuvuk (285±17 m) region compared to Feniak (757±18 m)
and Toolik (604±33 m) areas. These landscape characteristics may explain the higher
concentrations of DOC, TDN and TDP and the lower % BDOC observed in the streams,10

regardless of the impact of fire or thermokarst. Recent terrestrial modeling work in the
Anaktuvuk burn scar predicted an accumulation of nutrients during the early stages of
succession in the soils due to low vegetation cover post-fire that resulted in low plant
demand for nutrients, while inorganic nutrients were still being mineralized at similar
or enhanced rates (Yueyang Jiang et al., 2015). High nutrient accumulation in the soil15

post-fire could potentially be available as runoff, which would be consistent with our
observations of high nitrogen and phosphorus in the Anaktuvuk streams.

The concentration and characteristics of streamwater DOC differ according to its
source (McDowell and Likens, 1988). We found that Anaktuvuk stream samples con-
tained high DOC concentrations of low biodegradability and that the area sampled (i.e.20

in the southern area of the burn scar) likely receives allochthonous inputs from moist
acidic tundra (MAT) communities (Jorgenson, 2009). Conversely, Feniak streams,
which receive allochthonous inputs from moist non-acidic tundra (MNAT) (Jorgenson,
2009), contained low DOC concentrations of high biodegradability. In general, the rivers
in the Toolik area contained low DOC concentrations of a relatively recalcitrant form.25

Thermokarst features draining MNAT have higher BDOC compared to MAT, perhaps
due to accelerated decomposition of dissolved organic matter from higher N availabil-
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ity in acidic tundra before reaching the stream (Hobbie and Gough, 2004). Thus, the
MNAT vegetation type in the Feniak area may explain its high BDOC %.

Arctic rivers and streams are generally high in dissolved organic matter and low in
inorganic nutrients (Dittmar and Kattner, 2003). Although there is little evidence for
nutrient limitation of DOC degradation, background dissolved inorganic N concentra-5

tions were positively correlated with BDOC % in thermokarst outflow (Abbott et al.,
2014). Feniak streams also tend to have higher concentrations of NH+

4 , potentially al-
leviating any limits on DOC uptake caused by nitrogen availability. Anaktuvuk streams
contain an order of magnitude higher concentrations of DOC, TDN and TDP, com-
pared to Feniak and Toolik streams, which is explained by the older landscape age10

and also perhaps due to the stream type sampled (i.e. all but one of the stream sites
sampled in the Anaktuvuk area were of the beaded type which tend to contain more
peat and therefore potentially greater amounts of stored carbon, nitrogen and phos-
phorus). The morphology of streams and particular watershed characteristics such as
soil type likely plays an important role in inorganic nutrient concentrations that may in-15

turn affect DOC biodegradability. The degree of surface-subsurface connectivity with
the hyporheic zone, as well as rates of nutrient regeneration, differs between beaded
and alluvial Arctic stream systems (Greenwald et al., 2008).

4.4 Seasonality of BDOC

Contrary to several studies showing highest BDOC during snowmelt, followed by a de-20

crease through the growing season (Holmes et al., 2008; Spencer et al., 2008; Mann
et al., 2012; Raymond et al., 2007), we found variable seasonal patterns of BDOC. The
majority of these studies are in larger, arctic river systems whereas our study sam-
pled 1st and 2nd order headwater streams. Stream morphology may also play a role
since beaded streams are made up of ice-rich polygons that may contain older forms25

of DOC and are typically colder compared to alluvial systems (Brosten et al., 2006).
Thermo-erosion gullies, a common upland thermokarst type, often form from the thaw
of ice-rich polygons and the outflow from gullies contained the least biodegradable
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DOC compared to other feature types, although still elevated compared to reference
waters (Abbott et al., 2014). Thus, although polygonal areas are susceptible to thaw
via gully formation or beaded stream formation, it is possible that the ice wedges con-
tain low BDOC %. We observed an increase in BDOC % in the Kuparuk River (Site 1)
and South River (Site 5), both of which are alluvial systems without any lake influence5

upstream of the river network (Fig. 7b), whereas we observed a decreasing trend in
BDOC % in Oksrukyuik Creek, an alluvial system with a series of lakes upstream of
our sampling point (Fig. 7c). In the alluvial streams without lakes, it is likely that after the
pulse of labile terrestrial DOC during the freshet (which our study did not sample), tun-
dra plant and in-stream algal productivity increases as the growing season progresses10

and in-turn increases stream DOC biodegradability as sources shift from allochthonous
to autochthonous. We suggest that the lake effect in the Oksrukyuik Creek watershed
serves as a reservoir for a pulse of highly labile, aquatic-derived BDOC in the begin-
ning of the growing season, following the flush from the terrestrial ecosystem during the
spring freshet. The BDOC in general from the alluvial stream with the lake influence15

is more labile (BDOC % range 15.7–24.6) compared to the alluvial systems without
lakes (BDOC % range 0.75–13.9) as it leaks from the rich lake environment down the
watershed, likely seeding the stream with rich material from the lake across the season.

5 Conclusions

Although active thermokarst outflow contains highly biodegradable DOC (Woods et al.,20

2011; Cory et al., 2013; Vonk et al., 2013; Abbott et al., 2014) and dissolved organic
matter biodegradability from boreal soil leachate is lower from burned than unburned
soils (Olefeldt et al., 2013) we found no significant effect of fire or thermokarst in the
streams we sampled. Our study indicates strong variation of stream water chemistry
and DOC quantity, biodegradability, and aromaticity based on landscape character-25

istics. Although elevated concentrations and export of sediment and nutrients from
thermokarst have been documented (Bowden et al., 2008; Kokelj et al., 2009; Lam-

4038

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/12/4021/2015/bgd-12-4021-2015-print.pdf
http://www.biogeosciences-discuss.net/12/4021/2015/bgd-12-4021-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
12, 4021–4056, 2015

The role of watershed
characteristics,

permafrost thaw, and
wildfire

J. R. Larouche et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

oureux and Lafrenière, 2009, 2014), the impact on hydrologic export depends largely
on the magnitude and type of thermokarst disturbance, the time from initial distur-
bance to stabilization, and the hydrologic connectivity between the feature and downs-
lope aquatic ecosystems (Lewis et al., 2011; Shirokova et al., 2013; Thienpont et al.,
2013). Although thermokarst gullies and active layer detachment slides are the dom-5

inant thermokarst types in the area we sampled (e.g. ∼ 80 % of all the thermokarst
in the vicinity of the Toolik Field Station) (Krieger, 2012), their relatively short-lived
active export period prior to stabilization may not significantly alter landscape-scale
biogeochemical cycling. Conflicting reports of the effects of permafrost disturbance on
BDOC suggest that substantial uncertainty remains about the vulnerability of aquatic10

ecosystems as the permafrost region warms. Given the complexities and interactions
of the controlling biogeochemical variables on Arctic dissolved organic matter, monitor-
ing thermokarst and fire impacts at both the site and watershed scales, as well as the
consideration of landscape characteristics could address this disconnect.

The Supplement related to this article is available online at15

doi:10.5194/bgd-12-4021-2015-supplement.
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Table 1. Watershed characteristics of sampling sites.

Region Site Site Stream Stream Watershed Watershed Watershed Channel Bedrock2

Stream Order1 Area1 Elevation1 Slope1 Length1

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
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Table 1. Continued.

Variable Glacial Age3 Ecotype4 Vegetation Vegetation Disturbance Coordinates
Ground Ice2

(%) (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

1 Jorgenson, M., Yoshikawa, K., Kaveskiy, M., Shur, Y., Romanovsky, V., Marenko, S., Grosse, G., Brown, J., and Jones, B.: Permafrost characteristics of Alaska,
Proceedings of the 9th International Conference on Permafrost, Fairbanks, Alaska, 121–122, 2008.
2 Nolan, M.: Distribution of a Star3i DEM of the Kuparuk River watershed, Joint Office for Scientific Support, Boulder, CO, 2003.
3 Hamilton, T. D. and Labay K. A.: Surficial Geologic Map of the Gates of the Arctic National Park and Preserve, Alaska, U.S. Geological Survey (in cooperation with
U.S. National Park Service), Scientific Investigations Map 3125, 1 : 300 000 scale, and accompanying report, 19 pp., 2011.
4 Jorgenson, M. T., Roth, J. E., Miller, P. F., Macander, M. J., Duffy, M. S., Wells, A. F., Frost, G. V., and Pullman, E. R.: An ecological land survey and landcover map
of the Arctic Network. Natural Resource Technical Report NPS/ARCN/NRTR – 2009/270., National Park Service, Fort Collins, Colorado, 2010.
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Figure 1. Map of study areas. Map credit: J. Noguera, Toolik Field Station GIS and Remote
Sensing Facility.
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Figure 2. Comparison of reference sites of the three regions for stream DOC quantity (A);
Biodegradability in terms of absolute loss (B) and percent loss (C) after 40 days; and SUVA254
(D). Means and standard error are reported. Sample size (n) represents a sampling of a stream
on a given day. The “Feniak” group represents 3 stream reaches sampled one time in the Feniak
region. The “Toolik” group represents 2 stream reaches sampled 5 times over the season. The
“Anaktuvuk” group represents 2 reaches sampled once outside of the ARF scar boundary.
Different letters represent significant differences between regions, α = 0.05.

4051

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/12/4021/2015/bgd-12-4021-2015-print.pdf
http://www.biogeosciences-discuss.net/12/4021/2015/bgd-12-4021-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
12, 4021–4056, 2015

The role of watershed
characteristics,

permafrost thaw, and
wildfire

J. R. Larouche et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Figure 3. Assessing the impact of thermokarst on stream DOC quantity (A); Biodegradability
in terms of absolute loss (B) and percent loss (C) after 40 days; and SUVA254 (D). Means and
standard error are reported. Sample size (n) represents an individual sampling event of stream
reach. “Reference” and “TK” groups each represent 3 stream reaches sampled one time in
the Feniak region. The “Burned Reference” group represents 3 stream reaches, one of which
was sampled five times and two of which were sampled four times. The “Burned+TK” group
represent one stream reach sampled five times over the season. ANOVA was used to detect
differences for the two comparisons (Reference vs. TK and Burned Reference vs. Burned+TK).
Similar letters indicate no differences.
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Figure 4. Assessing the impact of region (regardless of treatment) on stream DOC quantity (A);
Biodegradability in terms of absolute loss (B) and percent loss (C) after 40 days; and SUVA254
(D). Box plots represent median, quartiles, minimum and maximum within 1.5 times the in-
terquartile range (IQR), and outliers beyond 1.5 IQR. Sample size (n) represents a sampling of
a stream on a given day. The “Feniak” group represents 6 stream reaches sampled one time
in the Feniak region. The “Toolik” group represents 2 stream reaches sampled 5 times over the
season. The “Anaktuvuk” group represents 6 burned stream reaches sampled 4–5 times plus
the 2 unburned sites sampled once. Different letters represent significant differences between
regions, α = 0.05.
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Figure 5. SUVA254, (L mg C−1 m−1) vs. BDOC 40 day loss (%) for streams grouped by area and
disturbance type.
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Figure 6. Biogeochemical characteristics of streams within each region (includes all available
data, not just from BDOC sampling sites/dates). Box plots represent median, quartiles, min-
imum and maximum within 1.5 times the interquartile range, and outliers beyond 1.5 IQR.
Different letters represent significant differences between regions, α = 0.05. Sample sizes vary
(see text).
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Figure 7. Seasonal trends in BDOC (%): (a) beaded stream sites – no significant trends; (b)
alluvial sites without any lake influence – significantly increasing trends; (c) alluvial site with
lake influence upstream – significantly decreasing trend. Each symbol and associated error
bars represent the mean BDOC (%) and the standard error of the four field replicates.

4056

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/12/4021/2015/bgd-12-4021-2015-print.pdf
http://www.biogeosciences-discuss.net/12/4021/2015/bgd-12-4021-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

	Introduction
	Methods
	Study areas and sampling design
	Sample collection 
	BDOC incubation assays
	DOC composition (SUVA254)
	Water chemistry 
	Statistics

	Results
	Initial (t0) DOC concentrations
	BDOC
	SUVA254 
	Background water chemistry
	Seasonal patterns of BDOC 

	Discussion
	Short-lived effects from fire and thermokarst
	Picking an appropriate reference for paired watershed studies
	Why do DOC pools and biodegradability differ by region?
	Seasonality of BDOC 

	Conclusions

