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Abstract. Stream channels in the McMurdo Dry Valleys are
characteristically wide, incised, and stable. At typical flows,
streams occupy a fraction of the oversized channels, pro-
viding habitat for algal mats. In January 2012, we discov-
ered substantial channel erosion and subsurface thermome-
chanical erosion undercutting banks of the Crescent Stream.
We sampled stream water along the impacted reach and
compared concentrations of solutes to the long-term data
from this stream (~ 20 years of monitoring). Thermokarst-
impacted stream water demonstrated higher electrical con-
ductivity, and concentrations of chloride, sulfate, sodium,
and nitrate than the long-term medians. These results sug-
gest that this mode of lateral permafrost degradation may
substantially impact stream solute loads and potentially fer-
tilize stream and lake ecosystems. The potential for sediment
to scour or bury stream algal mats is yet to be determined,
though it may offset impacts of associated increased nutrient
loads to streams.

1 Introduction

General circulation models predict a disproportionate in-
crease in high-latitude air temperatures over the next century
due to polar amplification mechanisms (Serreze and Barry,
2011a, b; Bekryaev et al., 2010). A potential consequence
of increasing polar air temperatures is increased ground sur-

face energy balance, and accelerated permafrost degrada-
tion (Chadburn et al., 2015) including surface subsidence,
thermokarst formation, and mass wasting of the landscape,
with significant implications for adjacent aquatic ecosys-
tems. A growing body of literature has documented varying
impacts of permafrost degradation on streams and lakes, with
a primary focus on Arctic tundra landscapes. When degra-
dation occurs at large scales or is hydrologically well con-
nected to associated aquatic ecosystems, order-of-magnitude
increases of sediment, solute, and nutrient loads to streams
and lakes are common (Kokelj et al., 2005, 2009, 2013;
Larouche etal., 2015; Bowden et al., 2008). Under these con-
ditions impact can persist for decades (Kokelj et al., 2005,
2009). In contrast, when hydrologic connectivity linking de-
graded permafrost to aquatic systems is limited, or a small
portion of a catchment is affected, the impacts to associated
aquatic ecosystems are reduced and transient (Lafreniére and
Lamoureux, 2013; Lewis et al., 2012; Larouche et al., 2015;
Lamoureux and Lafreniére, 2009).

Permafrost degradation has received much less attention
in polar desert environments, which are common in Antarc-
tica and also occur in the Arctic. One potential mode of per-
mafrost degradation is from enhanced flow of water across
hillslopes (i.e., non-channelized flow). Polar deserts receive
little to no rainfall and therefore have less potential for per-
mafrost degradation to be associated with shallow subsurface
or overland flow outside of stream channels. There is some
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Figure 1. Map of (a) the location of the McMurdo Dry Valleys in
Antarctica, (b) the Lake Fryxell basin, in the eastern portion of Tay-
lor Valley, with a red rectangle indicating Crescent Stream, and (c) a
zoomed in view of the East and West Forks of the Crescent Stream.

evidence of ancient (Shaw and Healy, 1977) and centuries-
old thermokarst activity (Healy, 1975; Campbell and Clar-
idge, 2003) in Antarctic polar deserts, but there are limited
examples of contemporary thermokarst features. The largest
polar desert region in Antarctica is the McMurdo Dry Val-
leys (MDV), which occupy approximately 22 700 km? along
the coast of McMurdo Sound, and contain the largest ice-free
portion (4500 km?) of Antarctica (Levy, 2013). The MDV is
underlain by continuous permafrost, much of which is poorly
saturated frozen ground (i.e., <10 %; Bockheim, 1995). Ac-
tive layers (surface soils that are seasonally thawed) typically
range 20-45 inland and 45-70cm in coastal regions of the
dry valley landscape (Bockheim et al., 2007), and as much as
85cm in soils and sediments underneath and/or adjacent to
streams and lakes (Northcott et al., 2009). Thus, this region
is ideal for identifying and studying permafrost degradation
in polar deserts which are typical of Antarctica. While the
present MDV landscape is generally considered to be geo-
morphically stable, a recent study documented contemporary
thermokarst activity associated with thawing of a massive ice
feature in Garwood Valley, likely made up of Pleistocene age
water (Levy et al., 2013). The estimated current rate of thaw
(exposed massive ice cliff changes of 2—4 cm day 1) exceeds
previous rates by an order of magnitude and has been linked
to increased insolation occurring in this region (Levy et al.,
2013; Fountain et al., 2014). This rapid response to increased
insolation suggests that permafrost in Antarctica is suscepti-
ble to changing conditions including predicted future warm-
ing (Swanger and Marchant, 2007; Levy et al., 2013), how-
ever, there is little indication of how these disturbances may
impact receiving aquatic ecosystems.

The streams and lakes in the MDV have unique charac-
teristics that will likely affect their responses to, and the im-
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pacts of, permafrost degradation. Stream flow in the MDV
originates from melt water emanating from alpine, piedmont,
and terminal glaciers. Glacial melt occurs for up to 10 weeks
during the austral summer (McKnight et al., 1999) with sig-
nificant diurnal, monthly, and inter-annual variability driven
by varying sun angle, insolation (McKnight et al., 1999)
and air temperature (Doran et al., 2008). Thus the hydro-
graphs in these streams are dynamic, with streamflow typ-
ically varying two to ten-fold on a diel basis for example.
Once melt water enters stream channels it interacts with sur-
rounding sediments through hyporheic exchange (Runkel et
al., 1998; Gooseff et al., 2003) which alters stream chemistry
(Gooseff et al., 2002; Welch et al., 2010; McKnight et al.,
2004). These streams support an assemblage of cyanobac-
teria, chemotrophic bacteria, and diatoms (Esposito et al.,
2006; Stanish et al., 2013), and supply closed-basin (en-
dorheic) lakes with water and solutes (Lyons et al., 1998;
Green et al., 1988). Due to the geomorphic stability of the
MDV over the past several thousand years, nutrient and so-
lute loads derived from weathering processes occurring in the
hyporheic zone (Gooseff et al., 2002) have likely been fairly
constant. Thus, the potential introduction of nutrient pulses
from stream-side thermokarst activity represents a new input
that may significantly impact the nutrient status and biolog-
ical communities of MDV streams and contribute to down-
stream closed-basin lakes.

In January 2012 we found fresh permafrost degradation
features along the channel margins of the West Fork of Cres-
cent Stream in Taylor Valley, which is one of the central and
most studied of the McMurdo Dry Valleys. Unlike the previ-
ously described dry valley thermokarst which resulted from
the melting of buried ancient ice, these thermokarst features
are contemporary examples of stream water interacting with
and thawing extensive areas of permafrost soils adjacent to a
stream channel. The goals of this study were to (1) describe
the thermokarst as a basis for comparison for potential new
thermokarst features in the MDV and other polar deserts in
the future, (2) document the impacts of this permafrost degra-
dation event on stream water sediment and solute concentra-
tions and (3) compare these impacts to a long-term historical
record. The impacts were evaluated by comparison of water
quality above and below the thermokarst feature and by com-
parison of water quality of the impacted West Fork and the
East Fork at their confluence.

2 Site description

The McMurdo Dry Valleys (77°S, 162°E) comprise a po-
lar desert landscape with glaciers, extensive exposed rock
outcrops and soils, stream channels, and ice-covered lakes.
Stream flow occurs 6-10weeks per year and is ~ 100 %
glacial meltwater. Stream channels are incised in some places
up to 3m, and are typically 5-10 m wide. During typical diel
low flows the streams are only a few centimeters deep and
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Figure 2. Map of images captured along the West Fork of Crescent
Stream, as observed in January 2012, in which each black dot in-
dicates a location at which a picture was taken, and the green dots
indicate images from a few highlighted locations along the channel.
Light blue highlighted image is of the entrance to the thermokarst
tunnel on the east bank of the West Fork. Permafrost degradation
features were observed along +3 km of the West Fork of Crescent
Stream. Remote-sensing image provided by the Polar Geospatial
Center, University of Minnesota.

may occupy only half or less of the broader channel. Where
streambeds have extensive desert pavement, the particularly
stable substrate provides habitat for extensive algal mats and
associated diatoms and chemotrophic bacterial communities
(McKnight et al., 1999; Stanish et al., 2013). Stream length
is an important control on solute concentrations. Because the
primary source of water is glacial melt, longer streams inter-
act with more sediments and therefore tend to have greater
concentrations of solutes than shorter streams (McKnight et
al., 2004; Lyons et al., 1998).

3 Methods

On 19 January 2012 we observed major down cutting,
sediment deposition, and reworking of the stream chan-
nel at the long-term stream gauge site on Crescent Stream
(77.619064° S, 163.184464°E), near the mouth of the
stream. We conducted an observational survey and photo
documentation along ~ 3 km of the West Fork of Crescent
Stream to identify the source and extent of the disturbance
and in the process found extensive slumping, undercutting,
and tunnel development along the West Fork (Fig. 2). In one
location, we observed a thermokarst tunnel of over 10m in
length cutting under the eastern bank of the channel. The East
Fork showed no evidence of degradation.

On 21 January 2012, we conducted sampling to deter-
mine the impacts of the thermokarst-affected reach, and in
particular the thermokarst tunnel, on stream water chemistry
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and sediment transport during a highly variable portion of
the diurnal hydrograph (a doubling of discharge occurred
during the sampling period). Prior to sampling, a Cutthroat
Flume (Baski, Inc., Englewood, Colorado) was installed in
an appropriate reach of the West Fork to monitor discharge
throughout the sampling. At the beginning and end of the 4 h
sampling we collected samples from the East and West Forks
of Crescent Stream immediately upstream of the confluence
and at the stream gauge location ~200m downstream of
the confluence. During the collection we sampled the influ-
ent and effluent water from the thermokarst tunnel approxi-
mately every half hour to assess the impacts of thermokarst
development in these polar desert streams.

During collection we measured water temperature and
conductance of each sample with a YSI 30 (Yellow Springs
Instruments Inc., Yellow Springs, Ohio). Samples for water
chemistry were collected in ultra-pure water-rinsed HDPE
bottles and were carried to the laboratory and filtered within
24 h of collection using 0.4 um pore size NucleporeTM poly-
carbonate membrane filters. Anion and H4SiO4 samples
were filtered into ultra-pure water-rinsed HDPE bottles. Nu-
trient and cations samples were filtered into HCI and ultra
pure water-rinsed HDPE bottles. Cation samples were pre-
served with acid to a pH of approximately 2-3 by addition
of 0.1% Ultrex nitric acid. Major ion and reactive Si sam-
ples were stored chilled at approximately 4 °C until analy-
sis. Nutrient samples were stored frozen until shortly before
analysis.

Samples were analyzed for major anions and cations by
ion chromatography using a Dionex DX-120 (Sunnyvale,
CA) using methods described in Welch et al. (2010). H4SiO4
was determined using an automated colorimetric method
based on the method of Mullin and Riley (1955) using the
Skalar San++ at Ohio State University. Nutrient analyses
were done using a Lachat QuikChem 8000 FIA instrument
(Loveland, CO). Total suspended solids (TSS) were mea-
sured by filtering ~ 250 mL of stream onto tared, glass-fiber
filters (Whatman GF/F) followed by drying at 60 °C for 48 h
to obtain dry weights (mg L™1).

A paired ¢ test was used to assess differences in solute con-
centrations for paired samples of water entering and exiting
the thermokarst tunnel. A Welch’s ¢ test, appropriate for sam-
ple populations with unequal sample sizes and variances, was
used to compare the historic data to the data from the in-
flow and outflow of the thermokarst tunnel. The significance
of p-values was assessed after applying a Bonferroni correc-
tion for the number of comparisons performed (in this case,
p <0.0056). All statistical analyses were performed in R (R
Development Core Team, 2011).

4 Results

As briefly described in the site description section, per-
mafrost degradation along the banks of the West Fork of
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Crescent Stream was observed for over 3 km of stream reach
(Fig. 2). The observation of substantial sediment deposition
at the gauge site initiated the upstream survey of the channel.
It was obvious that the channel had been re-worked by sub-
stantial flows in the recent days with clear downcutting (up
to 20 cm) in some sections and deposition of as much as 5¢cm
in low-gradient locations. Changes in sediment aggradation
and degradation are the subject of other on-going studies of
the field site, so we have chosen not to provide them here.
Stream gauge records are insufficient to point to an exact
moment that the sediment movement occurred at that loca-
tion. Site visit notes indicate that the gauge was not in the
observed condition even 7 days prior. The extent of degrada-
tion included many locations of undercutting of the banks on
both sides of the channel. Frozen sediments within the banks
provided enough cohesion that undercutting extended more
than a meter laterally in some places, though the vertical gaps
observed were on the order of 10-20 cm. At some meander
bends on either side of the broad channel, the stream cut fur-
ther into the banks, widening the channel by 1 m or less in a
few isolated places. This may have occurred due to bank ero-
sion and subsequent slumping of up-gradient sediments. It
is possible that undercutting occurred at these locations first,
and then slumping of overburden. The cause of the degra-
dation is not immediately obvious, but likely is the result of
ponded water backed up at some point in the channel, per-
haps behind snowdrifts that often form in the winter along the
western banks. No obvious water lines from ponded water
were observed upstream, though they may have been modi-
fied by the impacts to the banks. Flows were great enough to
mobilize sediment, causing degradation in some places and
aggradation in others.

4.1 Thermokarst tunnel characteristics and impact

During the sampling, discharged on the West Fork ranged
from 1.19 to 2.04 L s~1. Effluent water from the thermokarst
tunnel had significantly higher EC (mean of 327 uScm~1;
Table 1) and TSS (402 mgL~1) than influent water (means
of 272 uScm~1 and 9.56 mg L1, respectively, Fig. 3). These
increases in dissolved and suspended solids indicate that
there was substantial change to the water flowing along this
fairly short flow path. Influent waters also significantly in-
creased concentrations of Na, K, Mg, Cl, SO4 and Si (Ta-
ble 1; mean concentrations increased 10.9, 0.89, 1.9, 16.1,
2.7 and 0.12mgL~1, respectively) while flowing through
this tunnel (Fig. 4). Surprisingly, effluent water was found to
have slightly lower (on average) concentration of Ca (mean
concentration decreased by 3.17 mg L~1) than influent water
to the tunnel (Fig. 4). With respect to inorganic nutrients, wa-
ters flowing out of the tunnel were found to have significantly
higher concentrations of NO3 and PO, (mean concentrations
increased by 98 and 13 ug L~* of N and P), and lower, but not
significantly different, concentrations of NH4 (mean concen-
trations decreased by 3ug L~ of N; Fig. 5). Hence, this par-

Biogeosciences, 13, 1723-1732, 2016

—

< 500 1000

Stream gauge, historical
Above tunnel

Below tunnel

Mouth of West Fork
Mouth of East Fork
Stream gauge, 2012

N
o
o
:
27
D
o
—P

+ 100

eoobre

—
o
o
—e
o
—H
:
—

o
©
N

Electrical conductivity (uS cm
g
|_[>>
(@)
>
O,
>
Total suspended solids(mg L™

EC TSS

Figure 3. Stream-water electrical conductivity and total suspended
solids (note log-scale axis) from historic data collected at stream
gauge, above and below the thermokarst tunnel, observed at the
mouths of the West and East Forks of Crescent Stream (just above
their confluence), and at the stream gauge site in January 2012. See
Fig. 3c for sampling location map. There are no historic TSS data
available from Crescent Stream gauge.

ticular tunnel feature was a substantial source of TSS, some
weathering solutes, and nutrients to water flowing through it.

4.2 Comparing East Fork (reference) and West Fork
(impacted)

At a broader spatial scale, comparisons of water chemistry
between the East and West Forks of Crescent Stream provide
an opportunity to assess the cumulative differences of the im-
pacts of thermokarst development on the West Fork and the
reference (no-impact) condition of the East Fork. We fully
recognize that this is not as powerful as comparing before
and after stream chemistry results from the West Fork. Be-
cause the pre-disturbance water chemistry data for the West
Fork do not exist, we propose that this comparison is useful
for characterizing the impact of these channel changes to the
water quality of the West Fork.

West Fork stream water had higher EC and TSS than East
Fork stream water (differences in means of 142 uScm~1, and
39.1mg L1, respectively) in the days soon after the discov-
ery of the extensive permafrost degradation in January 2012
(Fig. 3). West Fork stream water also had higher concentra-
tions of Na, K, Cl, and SO, than East Fork stream water
(mean concentrations were 19.4, 2.97, 28.6 and 9.3mg L~}
greater, respectively; Fig. 4). However, West Fork stream wa-
ter was found to have similar concentrations of Ca and Si
compared to the East Fork stream water (mean concentra-
tions of Ca were 24.2 and 23.3mgL~! in the West Fork
and East Fork respectively; while mean Si concentrations
were 3.49 and 3.63mg L~ in the West Fork and East Fork,
respectively, Fig. 4). With respect to inorganic nutrients,
West Fork stream water concentrations were higher than East
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Table 1. Means and standard deviations of water chemistry parameters as observed in three groups. Comparison significance reports the
result of paired ¢ tests and Welch’s ¢ test among three groups of data in the following order (* indicates significance with a p value <0.056):
inflow to the thermokarst tunnel vs. the outflow, inflow to the thermokarst tunnel vs. the historic data collected at the gauge location, and
outflow of the thermokarst tunnel vs. the historic data collected at the gauge location.

means =+ standard deviations

Thermokarst Thermokarst Historic data  Comparison
Constituent ~ Tunnel inflow  Tunnel outflow  from Stream gauge  Significance
Na 21.9+0.34 32.8+1.23 9.64+330 *,*,*
K 5.06+£0.11 5.94+0.19 285+051 *, * *
Ca 24.7+0.26 21.54+1.02 2444403 *,-,*
Cl 31.4+0.63 47.34+2.18 1484+6.94 * * *
SOy 12.0+0.14 14.7+0.17 6.12+245 * * *
Si 7.31+0.11 7.53+0.18 3554+050 —,*,*
NO3 43.8+0.83 142 +£9.85 21542792 * * *
NHg 11.6+4.62 8.39£0.87 6.88+£580 -,-,-
PO4 26.8+0.81 40.2+1.78 13.0+6.34 *, * ¥
EC 272+12.47 327+12.32 180+51.06 *,*,*

Fork for all three nutrients analyzed: NO3, NHy4, and POg4
(mean concentrations were 63, 3, and 26 ug L~ of N and P
greater, respectively; Fig. 5). Hence, the cumulative impact
of permafrost degradation on the West Fork resulted in much
higher TSS, major ion, and nutrient concentrations.

In most cases the mean concentrations of the water flow-
ing out of the thermokarst tunnel were greater than those at
the mouth of the West Fork. These differences suggest that
the tunnel was a strong modifier of stream water chemistry
locally, but is not indicative of the impacts of all thermokarst
impact on water chemistry along the +3 km of the West Fork
impacted. Lower TSS concentrations at the mouth of the
West Fork compared to the outflow of the thermokarst tunnel
(Fig. 3) could be explained by some combination of sedi-
ment deposition and dilution as the thermokarst tunnel wa-
ter mixes with other stream water in the West Fork channel.
The higher EC observed at the outflow of the tunnel com-
pared to the mouth of the West Fork suggests that dilution
is partly responsible for the coincident decrease in TSS be-
tween these two locations. Whereas calcium and silica con-
centrations were all very similar (~23 and 3.5mgL™?, re-
spectively), Na, K, Cl, and SO4 concentrations indicated a
dilution signal between the tunnel outflow and the mouth of
the West Fork (Fig. 4). Nitrate and PO4 concentrations were
also greater in the tunnel outflow than at the mount of the
West Fork (Fig. 5), though it is unclear whether this is due
to dilution or biological demands of the stream ecosystems
(e.g., McKnight et al., 2004).

4.3 Is thermokarst impacting water chemistry beyond
historical ranges?

Streamflow and chemistry at the Crescent Stream gauge are

made up of contributions from the East and West Forks of
the stream. Empirically, flows in each channel appear to be
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Figure 4. (a) Image of the tunnel that was cut eroded into the east-
ern bank of the West Fork of Crescent Stream. Flow is from right
to left in this image. The cyan (entrance) and blue (exit) arrows
correspond to the cyan and blue symbols below. (b) Mean (sym-
bols) and ranges of concentrations of major ions of historical data
collected over 15 years at the stream gauge (n =47, except for Si,
in which case, n =46; downstream-most location), at the stream
gauge in 2012 (i.e., after permafrost degradation in banks; n =2),
stream water just above a 20 m thermokarst tunnel (n =5), stream
water just below a 20 m thermokarst tunnel (n =5), in the West Fork
(n =6) and in the East Fork (n = 2), just above the location where
the West and East Forks mix. (c) Locations of sampling points along
Crescent Stream.

comparable though no direct measurements have been made.
However, a shift in stream water chemistry at the stream
gauge would be evident if concentrations observed at the
gauge after the thermokarst development were above the
range of concentrations observed historically — over 22 years
of data collection. Electrical conductivity is measured every
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Figure 5. Mean (symbols) and ranges of concentrations of electrical
conductivity (n >5000) and major nutrients (n =47) for historical
data collected over 15 years at the stream gauge, at the stream gauge
in 2012 (i.e., after permafrost degradation in banks; n = 2), stream
water just above a 20m thermokarst tunnel (n = 5), stream water just
below a 20m thermokarst tunnel (n =5), in the West Fork (n = 6)
and in the East Fork (n = 2), just above the location where the
West and East Forks mix. Electrical conductivity is plotted with the
scale on the left y axis, while nitrate, ammonium, and phosphate
concentrations are indicated on the right y axis (log-scale). Refer to
figure 3C for sampling locations. Concentration are in micrograms
per liter of N or P.

15 min at the stream gauge (starting in December 1991), and
these measurements range from 1 to 1440 uScm~1, with a
mean of 174uScm~1 (Fig. 3). After the thermokarst devel-
opment, EC observed at the stream gauge was elevated com-
pared to the historic mean, but not beyond the historic maxi-
mum.

Historically, TSS samples are collected only when very
high flows or other abnormal events cause increased turbidity
in the streams — any appreciable suspended sediment is no-
table in MDV streams. In the case of Crescent stream, there
are no historic TSS measurements. For most of the major
ions (Na, K, Ca, Cl, and SO4), Si, and nutrients, stream gauge
concentrations were observed to be similar to the means and
within the historic ranges of observed concentrations (Fig. 5).
However, the ion, Si, and nutrient concentrations of samples
collected from the outflow of the thermokarst tunnel were
significantly higher than the historic means (Table 1). Thus,
while the thermokarst had little downstream influence on so-
lute concentrations, local impacts were substantial. These re-
sults suggest that impacts to stream chemistry may be sub-
stantial in the event of future larger-scale thermokarst devel-
opment or if such development occurs along streams without
substantial dilution from tributaries.
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5 Discussion
5.1 Implications for stream ecosystems

The MDV make up < 0.3 % of Antarctica, ~ 4500 km? (Levy,
2013). While this is a small fraction of the total continent,
documenting these changes is important and relevant for a
variety of reasons. First of all, due to their limited size and
isolated nature, the McMurdo Dry Valleys (MDV) harbor
unigue endemic microbial communities in stream, lake, and
soil habitats (Stanish et al., 2011; Van Horn et al., 2013)
and due to the cold, dry climate, this area is the best Mar-
tian analog on earth. Thus climate related changes, such as
thermokarst development described here, impact our ability
to study these extremophiles under the conditions in which
they have evolved and thus documenting these changes is vi-
tal for future work in this region. The MDV are also sen-
tinels for change in the rest of Western Antarctica (Fountain
etal., 2014). The thermokarst described in this study caused a
highly observable change in Crescent Stream that was easily
noted by researchers. These changes suggest that other cli-
mate warming related changes are likely to occur in nearby
ice-covered areas where change is less obvious.

The glacial meltwater streams of the MDV are generally
clear and do not often transport significant, obvious sediment
quantities, with the exception of high flow events. The im-
pact to Crescent Stream was along ~ 3 km of stream length,
which is ~7% of the length of the monitored streams in
Taylor Valley (43.4km total, from Conovitz et al., 1998;
adding 3km for the East Fork of Crescent Stream). Given
the cold environment, glacial meltwater pathways are gen-
erally supraglacial rather than subglacial, so there is no flu-
vial erosion of sediment prior to discharge off of the glacier.
The stream channels tend to be very stable in general — the
McMurdo LTER research teams have not documented degra-
dation of these channels in over 20 years of field research on
these streams. Contributing to this stability is the desert pave-
ment that forms along the streambeds, with coarse material
having been rotated through numerous freeze-thaw events
to yield fairly flat surfaces (McKnight et al., 1999, 2007).
Where these stable streambed substrates are found, it is com-
mon to find extensive algal mats, compared to channel lo-
cations with finer or less stable substrates. Hence, the in-
troduction of fine sediments from streambank erosion is a
significant influence to these stream channels that merits at-
tention as it may be a significant ecological disturbance. It
is certainly likely that this sort of degradation is not uncom-
mon in the geologic history of these channels, despite hav-
ing not been observed in the past +20 years, a period during
which algal mat communities could have been flourishing in
the general absence of the sediment impacts. In many places
channels are generally over-sized, trapezoidal incisions into
the landscape (on the order of 10 wide and 2 m deep) with
the wetted portion of the channel occupying only a fraction
of this width (3-5 m) and typically shallow (< 0.25 m). Chan-
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nels may well become widened by selective thermomechan-
ical erosion along the margins.

One impact of the thermokarst features on stream ecosys-
tems would be burial of the microbial mats which may be
buried by sediments in the reach immediately below the
thermokarst features, especially if the flows are low. Our ob-
servations along the channel in January 2012 indicate that a
lot of fine sediment has been dispersed throughout the chan-
nel, and also indicate very little occurrence of algal mats.
Stream discharge is quite cyclical in these streams. On a daily
basis there is a flood pulse from enhanced glacier melt due
to solar aspect, and across the season, streams generally start
and end with fairly low flows and experience much higher
flows in between. While the flow magnitude variability is un-
predictable, the daily and seasonal pulses of stream flow are
likely to transport deposited sediment through the next sev-
eral years. The timescale of this legacy is not clear. Whether
mats are likely to scour may also depend on how substantial
the mats are (how extensive they are and how well they are
attached to substrate), the magnitude of the flows during di-
urnal and seasonal cycles, and the extent to which mats can
grow during low-flow (hon-scour) conditions.

The substantial introduction of fine sediment associated
with these thermokarst features can be expected to have some
influence of stream ecosystem function also at high flows.
Analysis of the long-term record indicates that scour at high
flows constrains the biomass of microbial mats (Stanish et al.,
2011; Kohler et al., 2015a). Kohler et al. (2015b) specifically
focused on epilithon responses from scour events, noting
that recovery times were generally weeks to months, poten-
tially longer than a single flow season. Furthermore, Cullis
et al. (2014) showed that the daily transport of particulate or-
ganic matter (POM) from sloughing driven by fluvial shear
stress was limited by the availability of “mobile biomass” as-
sociated with the mats. However, at high flow the hysteretic
pattern associated with such a limitation was not observed
and direct scour of the mats appeared to be the dominant
mechanism controlling POM transport. If there is more abun-
dant fine sediment in the channel, the magnitude of flow re-
quired for a “re-setting” scouring event may be lower, e.g.
potentially lower than the 100 L s~* threshold used by Cullis
et al. (2014) in their model. The lower limit for a re-setting
flow may be determined by the flow required to keep intro-
duced sediment entrained in the reaches where the microbial
mats thrive.

Previous studies of nutrient uptake in these streams in-
dicate that both the microbial mats in the channel and the
hyporheic zone that occupies the sediments adjacent to the
channels are important locations of uptake and processing
(Gooseff et al., 2004; McKnight et al., 2004). In the water
column, the reduction of algal mats due to either burial or
scour would reduce the opportunity for biogeochemical pro-
cessing of nutrients as these streams act as a filter of nutrients
to the endorheic lakes at their termini. However, burial of al-
gal mats may well fuel hyporheic biogeochemical cycling as
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the increased organic matter in the subsurface may help to
stimulate microbiological transformation of nutrients that ex-
change through these sediments (Schindler and Krabbenhoft,
1998).

While substantial changes in major ion concentrations
along a ~ 10 m thermokarst tunnel flow path are not neces-
sarily indicative of all instances of contact of stream water
with degraded banks, the changes (Figs. 4 and 5) do indicate
a strong potential for changes in water quality over very short
distances. Thus, there is a strong potential for stream ecosys-
tem impacts from even isolated degradation features. The ob-
served elevated nutrient concentrations in waters affected by
thermokarst may be a positive response that could counter the
effects of algal mat removal or burial. The source of nitrate to
MDYV streams is atmospheric deposition, mostly from glacial
sources (Downes et al., 1986; Howard-Williams et al., 1989),
and phosphate is generally sourced from chemical weather-
ing (Howard-Williams et al., 1989). Increasing the concen-
trations of these nutrients in stream waters may stimulate in-
creased algal growth and therefore re-establishment of algal
mat coverage.

It is surprising that the weathering solutes do not show a
stronger response in the stream water downstream of the per-
mafrost degradation. Weathering rates of the streambed ma-
terials in the MDVs has been reported to be among the high-
est in the world despite the cold temperatures (Lyons et al.,
1997; Gooseff et al., 2002). The increase in major ion con-
centrations observed reflects a mobilization of readily solu-
ble salts such as NaCl rather than an increase in chemical
weathering (Si and Ca).

It is not yet clear how long the degradation will occur, and
how long the fine sediment deposits in the stream channel
and the elevated major ion and nutrient concentrations will
persist in the West Fork of Crescent Stream. The degraded
banks of the channel will slowly modify through annual and
seasonal freeze-thaw cycles and associated slow cryoturba-
tion, potentially “healing” the stark eroded surfaces observed
in January 2012. Winter snow may accumulate in some of
the new hollows insulating and stabilizing the banks. During
the austral summer, a positive surface energy balance may
cause further permafrost thaw and continued thermomechan-
ical erosion. The channel will continue to respond to hydrol-
ogy that is dynamic on several timescales (daily pulses of
melt water; high and/or low flow seasons). As it does, the
degraded sections of the channel may further erode due to
shear stress associated with high flows. The fine sediment in-
troduced by the thermokarst formation and algal communi-
ties in the channel will also respond, with high flows poten-
tially moving the sediment further downstream and poten-
tially scouring algal mats that are trying to re-establish and
grow, and low flows promoting the persistence of fine sedi-
ment deposits and algal growth. Recent findings by Cozzetto
et al. (2013) indicate that the hyporheic zones of MDV
streams have a wide range of exchange timescales, some very
short, and some long (Gooseff et al., 2003), and therefore
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strong heterogeneity in sediment size and hydraulic conduc-
tivity distributions likely exist in MDV streambeds.

5.2 Implications for endorheic lakes

The MDV endorheic lakes integrate all stream inputs and
processes that affect streamflow generation. Foreman et
al. (2004) found that during the very high-flow season of
2001-2002, the introduction of fine sediment from primar-
ily a single second-order sand-bed stream all of the streams
to the East Lobe of Lake Bonney reduced the incoming pho-
tosynthetically active radiation (PAR), which decreased the
chlorophyll a concentrations in the water column. In the case
of the degradation on the West Fork of Crescent Stream, a
lot of fine sediment has been moved from the channel banks
into the streambed and some of this has been transported
downstream. Empirical evidence of deposition of these fines
downstream exists, and presumably some of it was delivered
to Lake Fryxell. However, given that Crescent Stream is one
of over a dozen streams contributing to Lake Fryxell, it is not
likely that this event had a strong influence on the suspended
sediment of the lake water column. The elevated concentra-
tions of solutes, particularly nutrients, may have a more sub-
stantial impact on moats or main water column of Lake Fryx-
ell. Again, however, the elevated input from a single stream
is likely not particularly significant from this event. Should
the occurrence of permafrost degradation along streams in
the MDVs become more common, the lake ecosystems will
likely respond to increased nutrients and fine sediment in the
water column (reducing radiation transmission through the
water column). The legacy of these impacts in lakes may be
on the timescale of a year or so as suspended sediment will
settle out of the water column during the winter and increased
nutrients may lead to increased uptake. Repeated fluxes of
increased sediment and nutrients annually due to permafrost
degradation and high enough flows to mobilize sediment to
the lakes may provide substantial impacts to lake ecosystems
over several years.

6 Conclusions

Extensive permafrost degradation on the banks of the West
Fork of Crescent Stream in the McMurdo Dry Valleys,
Antarctica has resulted in substantial input of fine sediment
to the stream and increased solute concentrations, particu-
larly nitrate. These streams have not been observed to ex-
perience large pulses of fine sediment except during very
high flow events. This input of sediment related to permafrost
degradation has the potential to bury and/or scour stream
algal mats and provide turbidity to endorheic lake water
columns. Increased nutrient concentrations are likely to pro-
mote algal mat re-establishment and growth. This pulse dis-
turbance to this aquatic ecosystem may have persistent (sev-
eral flow seasons) impacts to the channel as typical flows are
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fairly low and it may take years to flush the introduced sedi-
ment.
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