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We investigated snow microstructure and microbial composition from snow samples
collected from western Colorado, a region that experiences frequent dust-on-snow
deposition events. We developed a methodology to quantify the amount, size,
and location of dust particles within the snow matrix through analysis of X-ray
micro-computed tomography data. Concurrently, we determined the microbial
composition in sampled dust layers through DNA sequencing. We found that dust
particles were generally embedded in the snow grains, with a small fraction of the dust
particles’ surface area exposed to air. Microbial community composition varied more by
alpine site rather than residence time of the dust within the snowpack, with the recently
deposited dust layer harboring both the highest diversity and highest concentration of
dust particles. The presence of microbiota in the dust-impacted snowpack has important
implications for snowpack stability, melting, and biogeochemistry.
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INTRODUCTION

Dust deposition on a snow surface accelerates snow melt primarily by causing the snow surface
to become darker and secondarily through dry and wet snow metamorphic processes and snow
grain growth that occur before the onset of melt (Conway et al., 1996; Skiles et al., 2018). Our study
site, the Senator Beck Basin Study Area in the San Juan Mountains has been extensively studied
(Painter et al., 2007, 2012; Skiles et al., 2015) with a focus on the radiative impacts on snowpacks
due to dust deposition. Evidence including particle size, isotopic analysis, and remote sensing
imagery points to the Colorado Plateau, and possibly the Mojave Desert, as the source regions
for the dust deposited in this area (Lawrence et al., 2010; Skiles et al., 2015). The focus of our study
was to investigate dust-associated microbial deposition on snowpack and structure and to examine
aerosolized microbial communities through dust transport, including dust provenance within a
larger project examining the ultimate contribution of dust deposition, and microbial component,
to the timing and onset of melt within our study area. Our hypothesis driving this focused area of
the larger work is that microbiota present on dust particles deposited on the snow could be linked
to source regions.

The global estimate of dust lofting is 2-5 million metric tons per year (Perkins, 2001), providing
a significantly large substrate for the transport of dust-associated microorganisms. During lofting
events (short and long range) the microorganisms attached to dust can experience a wide range
of stressors including UV radiation and dessication, resulting in variable viability (Meola et al.,
2015; Schuerger et al., 2018). However, aerosolized dust particulates have been accepted as a major
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source of microbes, particularly to remote regions (Harding et al.,
2011). Bacteria attached to dust particles can be found deposited
anywhere in the world (Miteva et al., 2009; Yamaguchi et al., 2012;
Favet et al., 2013). For instance, microorganisms originating from
the Saharan Desert have been found thousands of kilometers
away in the Caribbean and European Alps (Kellogg and Griffin,
2006; Meola et al., 2015). This global transport of microorganisms
has important implications for human-health, ecology, nutrient
cycling, and melt (Weir-Brush et al., 2004; Comrie, 2005; Weil
etal., 2017).

Of interest to this work was the deposition of microorganisms
on snow, which seasonally accounts for 50% of the Earth’s surface
(Sevruk, 1992). In snow covered environments, once the dust
is deposited, its associated microbes are in contact with other
microbes inhabiting the snow and ice. In fact, snow and ice
microbial communities have been described in the Canadian
High Arctic, Iceland, Greenland, and European Alps (Harding
et al., 2011; Lutz et al.,, 2014, 2015; Meola et al., 2015), with
~103-10* cells detected per milliliter of melted snow (Maccario
et al., 2015; Wunderlin et al.,, 2016). The remote detection and
impact of algae on the albedo of snow has been studied by Painter
et al. (2001) and Dial et al. (2018) and modeled by Cook et al.
(2017a,b).

One pressing question in the field is how geographically
diverse dust-associated microbial populations are (Kellogg
and Griffin, 2006; Grantham et al, 2015). A review by
Anesio et al. (2017) highlighted that primary producers (e.g.,
photoautotrophs) found in snow and ice are much more
similar across global glacial regions than heterotrophic bacterial
communities. They note that limitations in molecular techniques
for discriminating eukaryotic organisms may contribute to the
lack of reported diversity (Anesio et al., 2017). Dust deposited
on snow can be from local, regional or global sources. Therefore,
there could be a small subset of microorganisms, which have
adapted to the snow environment and are dispersed globally.
Conversely, the microbial communities may be influenced more
by dust origin and instead exhibit similar functions/processes,
which allow for adaptation to snow environments (Kellogg
and Griffin, 2006). Comparing the dust collected during dust
deposition events to possible dust origins will shed light on this
question. For example, it is predicted that a substantial amount
of the dust deposited on snow in the San Juan Mountains is from
Mojave Desert and the Colorado Plateau (Lawrence et al., 2010).
The mechanisms responsible for microbial adaptability to desert
conditions (sporulation and pigment production) have been
suggested to enable adaptability to the challenging conditions
in snow environments (Meola et al., 2015). Dust-associated
microorganisms may have different metabolic requirements
(Anesio et al., 2017), pigmentation production (Lutz et al., 2014,
2015) and growth rates when compared to microbiota that is
native to the snow and ice environment.

METHODS

We investigated the identity of dust-associated microorganisms
and their influence on the snow matrix immediately prior to the
onset of melt season including microstructural analysis of dust

and snow via X-ray micro-computed tomography (micro-CT),
meteorological analysis and microbiology.

Alpine snow samples were aseptically collected using sterile
gloves and bags in collaboration with the Center for Snow and
Avalanche Studies during multiple dust events in the late winter
and early spring of 2017 for microbial studies. Coincident snow
samples for microstructural analysis were collected for micro-
CT investigations non-aseptically. The samples were collected
from two different locations: the Berthoud Pass Colorado Dust-
on-Snow study site near Winter Park, Colorado and the Swamp
Angel Study Plot in Senator Beck Basin near Silverton, Colorado
(Figure 1). Microbial community composition was measured
from the snow samples; coincident snow microstructural analysis
and the meteorology of the dust deposition events were examined
in order to determine potential impacts to the snow structure
and to determine the dust source location. We collected
dust-impacted snow samples both immediately following dust
deposition events as well as merged snow layers formed at the
end of the snow season to examine subsequent post-depositional
processes. We sought to discern the aggregated effect of multiple
dust deposition events on the snow structure and microbial
taxa present.

Snow Sampling

Samples were collected from Berthoud Pass in the central
Rocky Mountains near Winter Park, Colorado (39°47'52“N,
105°46/37"W, 3,446 m asl) and the Swamp Angel Study Plot,
located in the Senator Beck Basin in the San Juan Mountains, near
Silverton, Colorado (37°54'25“N, 107°42/40"W, 3,371 m asl)
(Figure 1). These study sites are both flat, relatively open areas
located within forested regions. For microbial characterization,
three separate samples of each dust layer in the snow pack
were collected ~50-100 cm apart (Table 1) using sterile bags and
collection equipment. Each individual sample consisted of an
~3 L volume collected aseptically from surface snow immediately
following new dust events and in snow pits, after the individual
dust layers had merged. For sample collection immediately
following dust deposition events, surface samples of the dust
layer from the top 5cm of the snow pack were collected. These
samples are denoted as IDL (Individual Dust Layers). Over the
course of the late-spring, individual dust deposition layers in the
snow typically merge into single layers due to snow processes
including melt, grain growth due to temperature gradients within
the snowpack, and sublimation/condensation. We collected a
snow sample of the buried, merged dust layers by collecting
the same volume from the 4cm thick merged dust layer at
the Swamp Angel Study Site and the 3 cm thick merged dust
layer at Berthoud Pass. We denote these samples as ALM (All
Layers Merged).

Sampling was undertaken for microstructural characterization
at the same time as microbial sampling, and included
measurements of snow temperature, stratigraphy (via traditional
means as well as recorded in near infrared (NIR) photography)
and density. Snow samples for microstructural analysis were
collected in large, 3,000 cm® volumes, 20 x 15 x 10cm, placed
in individual rigid samples containers, packaged securely to
minimize movement, and shipped back to the lab in coolers
packed in dry ice and eutectic packs. The outer edges of the
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portion of the state, denoted by BPSS.

FIGURE 1 | Map from the Center for Snow and Avalanche Studies indicating sample site locations in Colorado, USA (http://snowstudies.org/sbbsai.html). The
Senator Beck Study Plot (SBSP), Swamp Angel Study Plot (SASP), and associated Senator Beck Stream Gauge (SBSG) and Putney Study Plot (PTSP) are indicated
by yellow triangles within the Senator Beck Basin (SBB). Samples were collected at the Swamp Angel Study Plot and at the top of Berthoud Pass, in the northwest

TABLE 1 | Samples collected in spring 2017 from Berthoud Pass (near Fraser,
Colorado), and the Swamp Angel Study Plot in Senator Beck Basin.

Sample name Study site Date collected Dust event

BP ALM Berthoud Pass May 1, 2017 Merged dust
layer

SASP IDL Swamp Angel April 10, 2017 Dust Event 4
Study Plot (D4)

SASP ALM Swamp Angel April 29, 2017 Merged dust
Study Plot layer

Each dust layer was sampled three separate times, with each sample spaced ~50-100
cm apart.

samples were sacrificed so that the center sub volume of 5 x 2
x 2 cm of the sample was imaged. A volume of interest inside the
imaged sample was further defined to remove edge effects caused
by sample preparation.

Snow Microstructure

In order to determine the location of dust particles within the 3D
snow matrix, we imaged snow samples using a Bruker Skyscan
1173 micro-CT scanner housed in a —10°C cold room. We

focused on samples collected during the late spring from a
merged layer at the Swamp Angel Study Plot, samples collected
immediately after a dust event (D4) at Swamp Angeland a sample
from a merged dust layer from a snow pit at Berthoud Pass.
We examined three separate sub-samples for the individual dust
event layer sample. Each sample was scanned with 40 kV X-
rays at 200mA and a nominal resolution of ~15um as the
sample was rotated 180° in 0.4° steps with an exposure time
of 300-350 ms. X-rays were detected using a 5 Mp (2,240 x
2,240) flat panel sensor utilizing 2 x 2 binning, and projection
radiographs were averaged over four frames. The resulting 1,120
x 1,120 radiographs were then reconstructed into 2-D gray-scale
horizontal slices using the software package NRecon (Bruker),
which utilizes a modified Feldkamp cone-beam algorithm.
Image reconstruction processing included sample-specific post
alignment, Gaussian smoothing using a kernel size of two,
sample-specific ring artifact correction of dead pixels, beam
hardening correction, and X-ray source thermal drift correction.

Grayscale images were segmented into three phases: air
(lowest x-ray absorption), dust (highest x-ray absorption), and
snow (intermediate x-ray absorption). Segmenting thresholds
for each of the phases were determined by finding the local
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minimum between peaks on the histogram showing all grayscale
values. Dust and snow microstructural parameterizations were
analyzed using the software package CTAn (Bruker’s proprietary
CT Analysis program). Microstructural parameters that we
calculated using CTAn include the total porosity of the samples,
the number of particles or objects of each phase, the surface to
volume ratio (S/V) of each phase (which is inversely related to the
grain size), and structure thickness, which provides an estimate of
particle/pore size depending on the phase that is being examined.
Theoretically, assuming the snow grains are spherical particles,
S/V is related to the specific surface area (SSA) of snow by the
relationship SSA = S/p;V, where p; is the density of ice. The SSA
is in turn related to the optical grain size of ice (Dy), according to
the relationship Dy = 6/(pSSA).

Meteorology

We compiled meteorological data from Swamp Angel Study Plot
located within the Silverton Beck Basin near Silverton, Colorado,
which was installed and maintained by the Center for Snow and
Avalanche Studies, and a second weather station located near the
summit of Berthoud Pass. Data captured at these stations include
ambient air temperature, humidity, wind direction and wind
speed. These measurements were used to evaluate wind direction
and wind speed associated with a number of depositional events
to better constrain the provenance of the deposited dust. Times
reported are in Mountain Standard Time (ignoring Daylight
Savings Time).

The Swamp Angel Study Plot is located in a sheltered clearing
at the lower end of the Senator Beck Basin Study Area, at
~3,371 m, below tree-line and surrounded by sub-alpine forest,
and is the primary study location for snow sampling. This
protected location provided an excellent location for measuring
precipitation and snowpack accumulation, where wind speeds
are very low (winter hourly average was <1 m/s), and wind
redistribution of snow-cover is negligible. Because the site sits
in a sheltered pocket at the lower end of the Senator Beck Basin
watershed, air temperature and humidity data from the Swamp
Angel Study Plot are strongly influenced by the surrounding
terrain. The site consists of a 6-m pipe mast with an extensive
array of instruments, a stand-alone precipitation gauge, and a
surrounding 30 x 30 m snow profile plot. The site is generally
level, sloping 3 degrees east-north-east. Air temperature (°C) and
relative humidity (%) were measured every 5s at a fixed height
on the tower. Incoming short- and long-wave radiation values
are measured (W m~2) every 5s by individual sensors at the top
of the tower. Wind speed data for back trajectory modeling was
collected from the Putney Study Plot, a nearby high alpine site, in
order to represent basin-wide wind conditions, as opposed to the
Swamp Angel Study Plot wind data, which reflects the relatively
sheltered study site.

The weather station at Berthoud Pass is maintained by the
US Department of Agriculture Natural Resources Conservation
Service as part of the National Water and Climate Center
(NWCC) at ~3,446m elevation. It is a sub-alpine site
located below tree-line. Measurements were made hourly and
included snow-water equivalent (Sensotec 100” Transducer), air
temperature (YSI extended range), snow depth, soil moisture

(Hydraprobe Analog), soil temperature (Hydroprobe Analog),
salinity, real dielectric constant, wind direction and speed, and
solar radiation. Near real-time data are available on the NWCC
website. A second, higher elevation met station is also located
near Berthoud Pass, a Meteorological Terminal Aviation Routine
(METAR) station, located at an elevation of 3,807 m. We used the
wind data from the METAR station, which is the higher site, for
back trajectory modeling.

We ran several transport and dispersion simulations using
the Hybrid Single Particle Lagrangian Integrated Trajectory
(HYSPLIT) model provided by the National Oceanic and
Atmospheric Administration (Stein et al., 2015). The HYSPLIT
model calculation method is a hybrid between a Lagrangian
approach, using a moving frame of reference for the advection
and diffusion calculations as the trajectories or air parcels move
from their initial location, and an Eulerian approach, which uses
a fixed three-dimensional grid as a frame of reference to compute
pollutant air concentrations. In order to determine the storm
trajectories of the dust deposition events, we ran back trajectory
simulations for Senator Beck Basin using a grid-point statistical
interpretation archive method, the Global Data Assimilation
System, within HYSPLIT.

DNA Sequencing

To examine which microorganisms were associated with the
dust deposited on snow, DNA was extracted using the MoBio
PowerWater DNA Isolation Kit (MoBio, Carlsbad, California).
Samples were prepared for DNA extraction in a —16°C cold
room using sterile technique to limit any contamination. Samples
were thawed at 4°C over a 3-5 days period and processed
within 48 h of melting. Due to the low dust concentration in the
samples, the extraction protocol was modified as follows: melted
samples were filtered onto two sterile filters (MoBio Water Filters,
0.22 M), and the resulting DNA was pooled after extraction.
Care was taken to ensure the filter was not folded onto itself to
maximize the exposure of dust to the beads in the bead tube.
After filtration, samples were incubated at 65°C for 10 min and
subjected to 30 min of vigorous vortexing (Luhung et al., 2015).
DNA extraction controls were carried out in parallel with snow
samples. Extraction controls consisted of 10 mL of sterile water
undergoing the same protocol as the collected snow samples
including the filtration step.

The V1-V2 region of the 16S rRNA gene was sequenced
for bacteria and archaea using a Thermofisher Ion Torrent
Personal Genome Machine sequencer at the Microbiome
Analysis Center (MBAC) at George Mason University based
on the manufacturer’s protocols. Bioinformatic analysis and
visualization of the 16S rRNA amplicon data was conducted
using the R packages dada2, phyloseq, and ggplot2 package in R
(McMurdie and Holmes, 2013; Callahan et al., 2016; Wickham,
2016; R Core Team, 2018). In brief, Bam files were converted to
FastQ files and demultiplexed prior to importing into R, resulting
in 173,084 raw reads in nine samples. Adapter removal and
barcode trimming were done in R prior to running the forward
reads through the dada2 (version 1.10.1) pipeline. Standard
filtering parameters were used to filter out low quality reads,
and the forward reads were trimmed to a consistent length
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(300 base pairs) and estimated errors were calculated. After
dereplication, an amplicon sequence variant (ASV) table was
created and chimeras were removed. Taxonomy was assigned
using RDP trainset 16 (doi: 10.5281/zenodo.801828) In phyloseq
ASVs identified as chloroplast at the class level were removed.
Additionally, the phylum Fusobacteria was removed because it
had an ASV count of one, and genus Propionibacterium was
removed as it is a published human contaminant (Sheik et al.,
2018). Relative abundance was calculated and log transformed for
normal distribution. Alpha diversity was calculated from the ASV
counts using the Shannon diversity index (Shannon, 1948).

Statistical differences in the relative abundance of tested
taxa and the Shannon diversity index values were determined
using analysis of variance (ANOVA) and the Tukey multiple
comparison test. To visualize differences is microbial taxonomy
between sample types, Principal Coordinate Analysis (PCoA)
dissimilarity plots were created using Bray-Curtis distances (Bray
and Curtis, 1957).

After filtering 134,521 reads, nine samples (not including
controls) remained. The extraction controls contained only 4%
of the number of reads as the samples and had a significantly
lower Shannon diversity index (Figure 2). Therefore, they were
not included in the rest of the analysis.

To determine the dominant ASVs in our samples, the relative
abundance for a unique ASV was averaged across site replicates.
The top 10 ASVs, after averaging, for each sample were then
referred to as dominant. To determine a closely related species,
the dominant ASV DNA sequences were compared to sequences
in the National Center for Biotechnology Information Basic
Local Alignment Search Tool Nucleotide (blastn) suite (https://
blast.ncbi.nlm.nih.gov/Blast.cgi) (Altschul et al., 1990). Default
parameters were used for the inquiry except the 16S ribosomal
RNA sequence (Bacteria and Archaea) database was selected for
comparison with a max target sequences of 10. Only the top

ranking alignment from a search was used for discussion and
listed in Supplement Table 1.

RESULTS

Snow Microstructure

The snow microstructural data obtained via micro-CT imaging
was examined with the primary objective of determining where,
within the snow matrix, the dust particles reside. Dust was

e
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FIGURE 3 | Near infrared image of the snow pit sampled on May 1, 2017 at
Swamp Angel Study Plot highlight the merged (ALM) layer at 11 cm depth,
denoted by “dust” label.

b
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:1
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FIGURE 2 | Shannon diversity index of extraction controls vs. dust-impacted snow samples, with Berthoud Pass merged layer (BP ALM) showing less diversity than
the Swamp Angel Study Plot individual dust event layer and merged layer (SASP IDL and ALM, respectively), vs. the control.
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most clearly identified on samples from the merged layer from
Berthoud Pass, immediately after dust event D4 at the Swamp
Angel Study Plot, and from the merged layer at Swamp Angel
Study Plot, collected during the late spring. We examined
three separate sub-samples for the individual dust event layer
sample. After segmenting the snow, dust, and air phases
(Figure 3), we quantified the microstructural parameters for each
phase in 2-dimensional cross-sections (2D) and in bulk three
dimensions (3D).

Dust layers were generally visible in snow pits excavated at the
study sites, and can be readily seen in NIR images of the snow
pit walls (Figure 3). The microstructural characteristics of the
dust particles within the dust layer from the merged Berthoud
Pass sample, post-dust event samples and the merged Swamp
Angel samples are shown in Figure 4. The merged layer from
Swamp Angel had the highest number of dust particles contained
within the scanned sample, while merged layer from Berthoud
Pass had the lowest number of dust particles. The structure
thickness and surface to volume (S/V) ratio of the dust particles
was relatively similar for all samples, which indicates that the dust
grain sizes are consistent between both the dust event D4 from
Swamp Angeland the merged layers from both Swamp Angel and
Berthoud Pass. This consistency suggests that dust grains remain
relatively isolated from one another in the snow matrix and do
not group together as the late-season merged layer forms, which

would be exhibited as differences between the microstructure of
the samples from the individual dust event layer and all layers
merged. Finally, we calculated the degree of anisotropy, where 0
indicates perfectly isotropic shapes and 1 indicates the theoretical
completely anisotropic. Although there was some anisotropy in
the shape of the grains observed, the lack of a temporal trend
suggests that the dust grains do not rotate or shift in a consistent
manner over time.

We note that the number of dust particles per unit volume is
an inherently noisy number due to the size of the dust particles
and the fact that some of the dust particles were similar in size
to detector noise. For this reason, we were not able to despeckle
the image beyond a low level Gaussian smoothing filter during
image reconstruction. Therefore, the numerical value for dust
particle density carries less validity than the relative number
when comparing across samples. The Berthoud Pass sample of
merged dust layers clearly had a much lower amount of dust
particles compared to the merged dust layer sample from the
Swamp Angel Study Plot. There is also a higher concentration
of dust particles within the merged layer from Swamp Angel vs.
the recently deposited snow sample collected just after the dust
event D4.

We found that snow characteristics varied with sample,
particularly with snow porosity. The Swamp Angel Study plot
individual dust event layer snow sample had very low porosity,
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5-20%, which is nearly the value of ice, while merged layers
from Swamp Angel and Berthoud Passhad porosities of 54 and
62%, respectively. The Swamp Angel Study Plot merged layer
sample had the highest concentration of dust particles according
to the microstructural analysis, as well as the largest surface to
volume ratio (S/V) value (Figure 5). The S/V values reported in
Figure 5 correspond to SSA values of 9.89 and 19.7 m?/kg for
the merged layers from Berthoud Pass and the Swamp Angel
Study Plot, respectively, and an average of 3.00 m?/kg for the
Swamp Angel Study Plot individual samples. The merged dust
layers from Swamp Angel and Berthoud Pass taken at the end of
the season (April 29 and May 1, respectively) have higher S/V
ratios and SSA values, and corresponding smaller snow grain
sizes, than the snow collected April 10 from the D4 dust event at
Swamp Angel. The small variability between samples examined
from the same layer compared to layers merged after deposition
shows consistency among snow samples of similar history.

20

:Ill-

BP ALM SASP IDL-1 SASP IDL-2 SASP IDL-3

-
o
t

Surface/Volume (1/mm)
5
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FIGURE 5 | Surface to volume ratios of the snow phase in the Berthoud Pass
merged layer sample, and the Swamp Angel Study Plot individual dust layer
and Swamp Angel Study Plot merged layer samples, denoted by BP ALM,
SASP IDL, and SASP ALM, respectively. Subsamples of SASP IDL samples
are denoted 1-3.

Dust was generally observed to be located toward the exterior
of the snow grains (Figure 6) in micro-CT data. The percentage
of dust particle surface embedded within the snow matrix was
calculated by dividing the total surface area of the dust particles
in contact with the air by the total surface area of the dust
particles. A dust particle completely embedded in snow would
have 0% exposure. Any value above 0% indicates the dust is on
the surface of the snow grain. We note that there is an upper
limit as it is impossible for a dust particle to be 100% exposed
(i.e., free floating). Percentage of surface area exposed for various
deposition events is shown in Figure 7. Although the percentages
of the dust surface area exposed are small, they are above 0,
indicating that a small portion of dust particle surface area resides
on the surface of the snow grain.

Meteorological Data

In the Spring of 2017, four separate depositional events occurred
within Senator Beck Basin, as evidenced by visible dust layers
on the snow surface (Table 2). For each event, we examined
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FIGURE 7 | Dust surface area exposed to air relative to embedded in the
snow grain for samples from Berthoud Pass (merged layer, BP ALM), and the
Swamp Angel Study Plot (both merged layer, SASP ALM, and individual dust
event layer SASP IDL, with subsamples denoted 1-3).

yellow and the snow grains are gray.

FIGURE 6 | Three-dimensional micro-CT image of dust particles within snow matrix, showing the dust located on the surface of snow grains. In the figure, dust is

Frontiers in Earth Science | www.frontiersin.org

April 2020 | Volume 8 | Article 122


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Courville et al.

Dust Microorganisms on Alpine Snow

TABLE 2 | Description of weather events in which a dust deposition event occurred and snow samples were collected.

Dustevent Deposition type  Average wind direction (degrees)  Average wind speed (ms~') Peak gust(ms~') Startofevent End of event
D1 Wet 218 18 36 3/5/17 12:00 3/6/17 10:00
D2 Wet N/A N/A N/A 3/23/17 N/A N/A
D3 Wet 183 11 29 3/30/17 15:00 3/31/17 3:00
D4 Dry 228 13 27 4/8/17 13:00 4/9/17 9:00
Compiled data is from the Center of Snow and Avalanche Studies and the USGS (dust mass).
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FIGURE 8 | Resultant average wind speeds during spring 2017 at the three study plot stations. (A) shows the 1-h average wind speeds (m s~") for Senator Beck
Basin. Highlighted areas indicate four depositional events noted in Table 2. (B) shows wind data from Berthoud Pass METAR (Meteorological Terminal Aviation
Routine) station collected during spring 2017. Highlighted areas indicate possible dust deposition events at Berthoud Pass.

the meteorological data captured in Senator Beck Basin as well
as Berthoud Pass. Specifically, we evaluated wind direction and
speed to better constrain the provenance of the deposited dust
(Figure 8). In each plot, the highlighted areas indicate the four
events noted in Table 2. Wind speeds are shown as 1-hr average
resultant wind speeds (m s~ !).

HYSPLIT simulations were run for each of the dust events
D1-D4 at Senator Beck Basin, which contributed to the merged
layer in sample at the Swamp Angel Study Plot, and similarly the
high wind events at Berthoud Pass. Unlike Senator Beck Basin,
Berthoud Pass is not monitored regularly by on-site personnel,
with dust events inferred based on depth of dust deposition
layer and subsequent meteorology. The back trajectory results
for each event in the Senator Beck Basin region and Berthoud
Pass are shown in Figure9. The results agree well with the
average wind directions observed at the stations near Senator
Beck Basin for each deposition event. In the majority of the
events for the Senator Beck Basin site, the trajectories’ highest
frequency was found over the Four Corners region. Dust event
3 (D3) had the highest frequency of trajectories centered at the
Swamp Angel Study Site. This is indicative of a weak event for
which wind sources are difficult to identify accurately. Further
evidence for this is reflected in low peak wind gust for D3.
The back trajectory modeling for the Berthoud Pass area does
not locate a specific source site as well, with the trajectories
being more diffuse, particularly for the first dust deposition event
(Figure 9E). Source regions are south-west of the study site,
with storms originating further west than in the case of Senator
Beck Basin.

DNA Sequencing
Our aim was to investigate whether there were differences in
microbial community structure between locations. Using the
Shannon diversity index, samples collected from the Swamp
Angel Study Plot individual dust event layer had the highest
diversity, while the Berthod Pass merged layer had the lowest
diversity (Figure 2). Though the alpha diversity between samples
was not significantly different (Figure 2), differences of beta
diversity between locations were observed (Figure 10). The
PCoA plot accounted for 55.7% of the variation in the dataset
(Figure 10). In ordination space, samples that are closer together
have similar microbial communities. The snow samples collected
from the merged dust layer at Berthoud Pass cluster away
from those collected from Swamp Angel Study Plot along
PCoA axis 1, indicating that the microbial communities in
the snow were different based on location (Figure 10). The
microbial communities within the two Swamp Angel Study Plot
samples cluster together. This was expected as the microbial
communities from Swamp Angel Study Plot individual dust
event layer contributed to the merged microbial community
present in the Swamp Angel study plot merged layer samples.
Interestingly, one of the Swamp Angel Study Plot merged layer
replicates separated from the others along the PCoA axis 2
(Figure 10). Possible causes for a disparate microbial community
in the replicate include the presence of microbes from other
dusting events, community proliferation, or a combination of
the two.

Investigation of microbial taxonomy revealed 14 phyla
identified in the snow samples (Figure 11). Proteobacteria,
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Actinobacteria, Bacteriodetes, and Acidobacteria encompassed
almost 98% of the identified taxa (Figure 11). Firmicutes
and Cyanobacteria encompassed ~1.0 and 0.7%, respectively
(Figure 11). The abundance of Acidobacteria (P < 0.001)
and Actinobacteria (P = 0.009) were significantly different
between the Berthoud Pass merged layer and both Swamp
Angel Study Plot samples, including the individual dust

event layer and the merged dust layer. Additionally, the
abundance of Bacteriodetes was significantly lower in the
Berthoud Pass merged layer (P = 0.018). Further investigation
at the class level revealed that the most abundant taxa were

Alphaproteobacteria, ~ Actinobacteria,  Acidobacteria_Gpl,
Betaproteobacteria, =~ Cytophagia  Sphingobacteriia,  and
Gammaproteobacteria  (Figure 12).  Actinobacteria  were
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significantly more abundant in the Swamp Angel Study Plot individual and merged dust event at the Swamp Angel
snow samples (P = 0.009), whereas Acidobacteria (P < 0.001)  Study Plot.

were significantly more abundant in the Berthoud Pass samples Of the 2,799 unique amplicon sequence variants (ASVs)
(Figure 12). Cytophagia (P = 0.008) were significantly more  in our dataset, we examined the top ten dominant (based
abundant in the Swamp Angel Study Plot individual dust on the average relative abundance across sample replicates)
event layer samples when compared to the other samples  detected per sampling event (Supplemental Table1). The
tested (Figure12). At the phylum or class taxonomic  majority of these dominant ASVs were Proteobacteria with a few
level, no significant differences were observed between the  occurrences of Actinobacteria, Bacteroidetes and Acidobacteria
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(Supplemental Table 1). Of the four dominant ASVs that
were present in all three samples, two belong to the family
Acetobacteraceae and two belong to the family of Beijerinckiaceae.
Additionally, three ASVs were dominant in both Swamp Angel
Study Plot samples from the individual dust event and the
merged dust layer, but not in the Berthoud Pass merged layer;
these belong to the families Propionibacteriaceae, Cytophagaceae
and Sphingomonadaceae (Supplemental Table 1). The dominant
ASV nucleotide sequences were compared against sequences in
the NCBI 16S ribosomal RNA sequences (Bacteria and Archaea)
nucleotide database using nBLAST (Altschul et al., 1990) and
GenBank (Benson et al., 2017).

DISCUSSION

Our study provides some of the first analyses of coupled
snowpack microbial and microstructural characteristics of
deposited dust events and subsequent fate within the snowpack.
We found that the dust particles embedded toward the outside
of snow grains have a low percentage of surface area exposed
to air. Microstructural analysis of the dust within the snow
matrix suggests that dust particles reside at the snow/pore
interface (and not the interior of the snow grains) so that a
small portion of the dust particle surface is exposed to air,
resulting in potential interactions between the dust particles and
the microbes present in the pore space. Facilitation of these
interactions could have important implications for activity and
metabolism of snowpack microbes.

The increase in S/V, and corresponding SSA, of the Swamp
Angel Study Plot merged layer collected April 29 when compared
to the snow sample from the dust event at the same location,
collected April 10, is not expected, as the typical predicted

trend for snow entails the SSA decreasing over time due to
temperature gradient-induced grain growth (Colbeck, 1982).
Much more work is warranted, but our results do provide
preliminary evidence that in some specific instances grain growth
can be suppressed in the presence of dust—particularly on
the micro-scale. In this instance, the formation of a melt-
freeze layer shortly after dust event D4, as evidenced by the
low porosities of the Swamp Angel Study Plot individual
dust event layer samples, likely lead to the further formation
of a crust layer then impacted by metamorphic processes.
This suppression of grain growth is counterintuitive, but has
been noted anecdotally by field observers at the study site.
Other instances of decreases in SSA over time have been
noted by Domine et al. (2009) for the case of melt-freeze
layers being metamorphosed into hoar layers, and in the
case of wind-induced reduction of snow grain sizes through
mechanical processes.

Meteorology and subsequent back trajectory modeling
suggests that the dust we examined for the Senator Beck
region originated in the southern Colorado Plateau; with the
wind trajectory coming from the southwest (Figure9, top).
The source region for the Berthoud Pass area is less clear
(Figure 9, bottom) with two separate, and diffuse source areas,
but the back trajectory modeling suggests dust originates in
the Four Corners region for the first event and in central-
west Colorado for the second event. These differences in dust
origin may play a critical role in the microbial communities
detected in the snowpack, with the differences in microbial
composition being greater between sampling sites vs.
temporal differences.

Because the resolution of the micro-CT does not capture the
small size of bacteria, we used a DNA sequencing approach

in
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to understand microbial community structure in the dust-
impacted snow. Alpha diversity ranged from 4 to 5, which is
consistent with a median diversity index of 4.15 from surface
snow microbes in the Australian Alps and Swiss Alps (Wunderlin
et al, 2016). Our results that location was a strong driver
in microbial community composition align with other studies
in the Australian and Swiss Alps (Wunderlin et al., 2016)
and in the USA in the mountains in Utah (Dastrup et al,
2018).

Proteobacteria, ~ Actinobacteria,  Bacteroidetes,  and
Acidobacteria accounted for the majority of the detected
phyla in all samples. The same top four phyla also accounted
for 72-98% of the total relative abundance from Australian
and Swiss Alps (Wunderlin et al., 2016). This deviates slightly
from the notion of a core snow microbiome of Proteobacteria,
Bacteroidetes, Firmicutes, and Cyanobacteria (Hell et al., 2013;
Hauptmann et al., 2014; Wunderlin et al., 2016). Proteobacteria
was the most abundant phylum found in the Colorado
snowpack from this study and from the Fennoscandian and
Colorado snowpack in Brown and Jumpponen (2019). There,
Acidobacteria_Gpl and Actinobacteria were also detected
(Brown and Jumpponen, 2019). Proteobacteria were also
found in the Greenland Ice Sheet (Perini et al., 2019a) as
well as clear ice and subglacial ice in Svalbard (Perini et al,
2019b). Cytophagia were detected in snow collected from
Greenland, Iceland, Svalbard, and Sweden (Lutz et al., 2016).
Interestingly, the abundance of Cyanobacteria was low in all
samples, though they have been found in other cryosphere
environments such as glaciers in west Greenland (Uetake
et al., 2010) and snow in the Canadian High Arctic (Harding
et al, 2011) and the Sierra Nevada, California (Carey et al.,
2016).

Considering the top ten sequence amplicon variants per
site, the most closely matched organisms were detected in
a variety of environments, including arid areas such as the
Colorado Plateau (Sphingomonas desiccabilis) (Gundlapally
and Garcia-Pichel, 2006) and Saudi Arabia (Microvirga
arabica) (Veyisoglu et al, 2015). Others were detected in
cold regions such as Arctic ecosystems (Huanghella arctica
and Terriglobus saanensis SPIPR4) (Rawat et al, 2012;
Jiang et al, 2013), Antarctic soil (Mucilaginibacter terrae)
(Sedlacek et al., 2017), and permafrost (Polymorphobacter
fuscus) (Jia et al, 2015). Those from more extreme
environments may be better adapted to survive in the
alpine environment of the Colorado Rockies throughout
the winter.

Of important consideration is how the physical environment
of the snowpack during melt either enhances or deters microbial
growth and function. In this study, we evaluated a cold, young
snow, which may be more influenced by source material. It is very
likely that the composition of the soil microbial community will
be dictated by dominant microbes capable of replicating at the
onset of melt.

Our work leads to many further important questions for
consideration, namely in the linked evolution of snow grains
in the presense of dust particles and the implications for the
microbiota present on the dust particles. The onset of melt will

lead to a dramatically altered environment for those communities
present in the snowpack, both in terms of temperature and
moisture content. These effects will vary spatially depending on
the persistence of snowcover and the residence times of deposited
dust particles and the microbiomes they contain.

CONCLUSIONS

This work offers the link between snow microstructure and
the microbial communities present in dust-laden snow. The
presence of these microbes has important implications for
ecosystem services such as nutrient release. A fundamental
understanding of microbial location and activity combined with
knowledge of how they contribute to melt would provide key
data to more accurately project the stability of the snow pack.
Furthermore, an assessment of environmental factors affecting
microbial growth is critical to understand how microbial dust
transport influences snow packs. Additionally, it serves as a
way to characterize microorganisms that can survive and grow
once deposited onto snow packs. Combining these data with
specific microbial signatures could provide a robust tool to
better understand the origin and fate of dust on snow. Our data
set, while limited in temporal and spatial sampling, provides
preliminary examination into coupled dust and microbial
impacts on snowpack characteristics. On-going work seeks to
extend our observations into the full melt season impacts of
microbial and microstructure co-evolution, including clean vs.
dusty snow evolution.
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