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Heterogeneous ice nucleation plays an important role inmany environmental processes such as ice cloud forma-
tion, freezing of water bodies or biological freeze protection in the cryosphere. New information is needed about
the seasonal availability, nature, and activity of ice nucleating particles (INPs) in alpine environments. These INPs
trigger the phase transition from liquid water to solid ice at elevated subzero temperatures. We collected water
samples from a series of alpine rivers and lakes (two valleys and their rivers, an artificial pond, and a natural lake
system) in Obergurgl, Austria in June 2016, July 2016, November 2016, andMay 2017. Each alpine river and lake
was sampledmultiple times across different seasons, depending on site access during different times of the year.
Water samples were filtered through a 0.22 μmmembrane filter to separate microbial INPs from the water, and
both fractions were analyzed for ice nucleation activity (INA) by an emulsion freezing method. Microorganisms
were cultured from the filters, and the cultures then analyzed for INA. Portions of the filtered samples were con-
centrated by lyophilization to observe potential enhancement of INA. Two sediment samples were taken as ref-
erence points for inorganic INPs. Sub-micron INPs were observed in all of the alpinewater sources studied, and a
seasonal shift to a higher fraction ofmicrobial ice nucleators cultured on selectivemediawas observed during the
winter collections. Particles larger than 0.22 μm showed INA, and microbes were cultured from this fraction. Re-
sults from 60 samples gave evidence of a seasonal change in INA, presence of submicrometer INPs, and show the
abundance of culturable microorganisms, with late spring and early summer showing the most active biological
INPs. With additional future research on this topic ski resorts couldmake use of such knowledge of geographical
and seasonal trends ofmicrobial INPs in freshwater habitats in order to improve the production of artificial snow.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Freshwater habitats are known as possible sources of ice nucleating
particles (INPs) for the atmosphere. Wave action in lakes was shown to
produce a considerable amount of aerosol (Slade et al., 2010) with inor-
ganic (Axson et al., 2016; May et al., 2016), and biological (May et al.,
2018) particles alike. Broader rivers and streams have wave action
and often other aerosol forming mechanisms come into play for them
as well. Weirs have been reported to produce aerosol from rivers
(Larsen et al., 2017; Knackstedt et al., 2018), and fast flow over natural
steps and rocks likely produces similar results. Benson et al. (2019) de-
veloped a drone water sampling system to study INPs in remote fresh-
water environments, and Bieber et al. (2020) designed a drone air
sampling system to collect airborne INPs. Systems such as these could
help probe INPs in remote alpine environments in the future.

When INPs become aerosolized they can be transported over long
distances, and seed ice clouds, a mechanism of particular importance
for rain formation over land (Creamean et al., 2013; Mülmenstädt
et al., 2015). Another technological process where ice nucleation (IN)
is involved is the forced aerosolization of water for artificial snow pro-
duction. INPs have an impact on this process and commercial additives
for snowmaking, like Snomax®make use of this effect. Freshwater sys-
tems are a source of such airborne INPs, yet little is known about their
diversity, composition, and seasonal availability.

The phase transition from water to ice is a thermodynamic process,
that in general, does not need any other factors than decreasing temper-
ature below 0 °C at atmospheric pressure. The freezing process however
can behave very differently depending on water purity, volume, and
presence or absence of ice nucleation active materials (Langham and
Mason, 1958; Koop and Zobrist, 2009; Kanji et al., 2017). For pure
water, so-called homogeneous freezing takes place, which is a stochas-
tic process, where the energy activation barrier has to be overcome by
the fluctuation of intermolecular bonds between water molecules to
form a stable cluster that can be thought of as the first nanoscopic ice
crystal that acts as the nucleus to trigger further ice formation
(Pruppacher and Klett, 1997). The fact that the water just needs to be
cooled below 0 °C for this to happen is thermodynamically true, yet
small water droplets have been observed to persist in the liquid phase
down to temperatures as low as−37 °C (DeMott et al., 1998). A kinetic
inhibition takes place, that leads to supercooled water in the liquid
phase. This can be observed especially well in isolated droplets, as one
frozen droplet does not propagate ice formation in other supercooled
droplets due to their physical separation (Murray, 2008a, 2008b). De-
pending on the size of the droplets, pure water can be supercooled
down to much lower temperatures than the melting point of water at
0 °C. This is an important factor in natural droplet aggregations such
as clouds, but also for artificial droplets as produced by snow makers
for snow production.

Whenwater is not free of particles, another mechanism is dominant
that is called heterogeneous ice nucleation where INPs come into play.
Heterogeneous nucleation is a non-stochastic process that is deter-
mined by the activity of the INPs. Certain INPs, if present, cause a droplet
to freeze at a defined temperature - characteristic for the INP - indepen-
dent of the droplets volume and the time it already persisted in a
supercooled state.

Many different materials can act as INPs. Themost abundant INPs in
the atmosphere are of inorganic nature in the form of mineral dust
(Creamean et al., 2013; Cziczo et al., 2013; DeMott et al., 2003). Carbo-
naceous materials can act as INPs as well, as does e.g. cellulose
(Hiranuma et al., 2015, 2019) which is ubiquitous in the form of
decayed plant matter, or soot (DeMott, 1990; Gorbunov et al., 2001;
Häusler et al., 2018) that can be found inmany remote places due to an-
thropogenic pollution. Intact biological matter such as some pollen
(Diehl et al., 2001, 2002; Pummer et al., 2012), fungi (Duman and
Olsen, 1993; Kondo et al., 2012), and bacteria (Maki et al., 1974; Vali
et al., 1976), have very strong ice nucleation activity and recent field
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measurements showed biological material to be present in cloud drop-
lets (Pratt et al., 2009; Creamean et al., 2013). Biological materials are
the most active known INPs (Kanji et al., 2017; Murray et al., 2012);
they allow water to freeze at the highest temperatures. The bacterium
Pseudomonas syringae is known to increase the nucleation temperature
to around −2 °C (Maki et al., 1974). Some strains of the bacterium are
pathogens of plants.Many strains of P. syringae are ubiquitous in aquatic
environments (Morris et al., 2013), and recent works evaluated the po-
tential for this bacterium to become aerosolized from freshwater
(Pietsch et al., 2015) and showed a feedbackmechanismwith rainwater
(Morris et al., 2017).

P. syringae is used as a commercial INP in artificial snow production,
available under the trade name Snomax®. The use of this product has
generated considerable debate regarding its potential impact on natural
ecosystems (Cochet and Widehem, 2000; Lagriffoul et al., 2010; Ward
and DeMott, 1989). In several countries including Austria, the addition
of any foreign substances to the water used for snow production is not
allowed (Das Tiroler Naturschutzgesetz, 2005 - TNSchG 2005, LGBl. Nr.
26/2005 idF | 293/20, n.d.). Evenwithout the addition of any commercial
INPs, naturalwater usually contains a certain amount of INPs of differing
activity (Benson et al., 2019). Inorganic INPs are certainly present in
most terrestrial waters yet their ice nucleation activity (INA) is depen-
dent on their composition, which depends largely on local geology. As-
sessment of river sediments' INA can give an insight on their usability
and availability. Furthermore Pseudomonas ssp. are known to be ubiqui-
tous in aquatic environments (Morris et al., 2008, 2010), along with
other microorganisms that show INA. Besides this technologically in-
spired topic, the composition of INPs in alpine water systems is of fun-
damental interest for investigating possible feedback mechanisms by
precipitation (Joly et al., 2014; Morris et al., 2017), and therefore for
ice cloud formation in alpine areas.

We hypothesized that the nature, activity, and availability of INPs in
alpine environments varies with season. To test this hypothesis, we col-
lected and analyzed water samples from a series of alpine rivers and
lakes (two valleys and their rivers, an artificial pond, and a natural
lake system) in Obergurgl, Austria in June 2016, July 2016, November
2016, and May 2017. Each alpine river and lake was sampled multiple
times across different seasons, depending on site access during different
times of the year. Water samples were filtered through a 0.22 μmmem-
brane filter to separate microbial INPs from the water, and both frac-
tions were analyzed for INA by an emulsion freezing method. The
specific objectives of our work were to: (1) determine the types and
concentrations of INPs present in freshwater alpine environments in
Obergurgl, Austria, (2) examine potential spatial effects of varying
water sources on INPs, (3) study potential seasonal effects of INPs across
the different freshwater alpine environments, and (4) consider how
new knowledge from this study could be used to enhance artificial
snow production at ski resorts by incorporating native INPs. For this
work, we focused on the inorganic and the biological INPs. Ski resorts
can make use of new knowledge of geographical and seasonal trends
of microbial INPs in freshwater habitats in order to improve the produc-
tion of artificial snow.

2. Materials and methods

2.1. Sampling sites

Four major sites were studied in Obergurgl, Tyrol, Austria. Not all
spots could be visited continuously over the year due to accessibility
and safety issues in the winter months and only seasonal activity of
smaller streams. The two sampled rivers were in the Gaißbergtal (GAI,
~2280 m above sea level (a.s.l.)) and in the Rotmoostal (ROT, ~2275 m
a.s.l.), two valleys that are next to each other as seen in Fig. 1. The valleys
have different geomorphologies as GAI is a steeper valley with one sin-
gle main river whereas ROT is a much broader valley with a river that
meanders over a larger area often parting and reuniting over the length
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of the valley. The artificial pond (A-Pond, ~2270m a.s.l.), that was sam-
pled regularly lies at the base of the valley ROT flows through and is fed
by its water at certain times of year but remains stagnant when full and
not in use for artificial snow production. The natural pond system (N-
Pond, ~2670 m a.s.l) is on the opposite mountain range of the valleys
and is fed by meltwater, rain, and springs. Different pools have formed
there on a pan like area that containmorewater in spring/early summer
and aremore shallow and stagnant in summer. It is not a fully lentic sys-
tem as there is a significantflow in and out of the ponds especiallywhen
sampling took place in July 2016, however since the pools are wide
there is far less flow and disturbance in their water than in the rivers.
Fig. 1 shows an overviewmap of the sampledwater system and their lo-
cations. Pictures of the four areas are shown in Fig. 2.

2.2. Collection of water samples

Water sampleswere collected in Obergurgl, Austria during four field
campaigns (FCs) (FC1 (1-2 June 2016), FC2 (6-7 July 2016), FC3 (29-30
November 2016), and FC4 (3-4 May 2017)). Samples from streams and
rivers were collectedwith sterile 1 Lwide-mouth bottles (Thermofisher
cat # 2105-0032). Samples from ponds and lakes were collected with a
LaMotte water sampler (Number 1077, Model JT-1) about 1 m from the
shoreline, and 1 m below the surface of the water. GPS waypoints were
recorded on a smartphone on Google Maps for each sample location. A
sampling table with time and GPS data, and a figure showing the loca-
tions of all the collected samples are found in Supplement Table S1,
and Supplement Fig. S2.
Fig. 1.Overviewof the sampledwater systems inObergurgl, Austria. AmapofAustria is shown i
areawhere the natural ponds are located (N-Pond, ~2670m a.s.l.), the light blue circle iswhere
lines show the location and flow of the two sampled rivers (GAI, 2280 m a.s.l. and ROT ~2275m
2019, Accessed January 22, 2020; “Obergurgl” 46.847° N, 11.031° E, Google Earth pro. October
figure legend, the reader is referred to the web version of this article.)
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2.3. Collection of river sand

Sand samples were taken on Field Campaign 2 in July 2016 from the
sediment of the two rivers. The samples were collected in 50mL centri-
fuge tubes (Brand cat # 114823)GPSwaypointswere recorded for these
samples as well. The samples were kept cool until the end of the
sampling day and then stored in the freezer at −20 °C until further
processing.

2.4. Processing of water samples

Following collection, samples were placed in a cooler bag with
frozen gel packs for transport to the laboratory for processing.
Water samples of 250 mL were filtered through a 0.22 μm filter
(Millipore cat #9004-70-0) on the same day of collection using a
water jet pump (VWR cat # 159600) and a filter receiver unit
(Thomas cat #300-4100). Negative controls were done with steril-
ized ultrapure water for tests of filters and filtrate. Filters (contain-
ing particles >0.22 μm) were placed into 15 mL conical tubes and
shipped in a cooler with frozen gel packs to the Schmale Laboratory,
Virginia Tech, Blacksburg, VA, USA for culturing of microbes and ice
nucleation activity assays (INA-assays) (e.g., (Hanlon et al., 2017;
Jimenez-Sanchez et al., 2018; Benson et al., 2019; Garcia et al.,
2019). Approximately 40 mL from every unfiltered sample and its
filtrate were transferred into 50 mL sterile centrifuge tubes (Brand
cat # 114823) and kept frozen at −20 °C until analysis by cryo-
microscopy.
n theupper right corner, and the red dot indicates the study site. The green circle shows the
the artificial pond/water reservoir is located (A-Pond, elevation 2270m a.s.l.), and the blue
a.s.l.). Adapted from image sources: “Austria”, 47.594° N and 14.125° E, Google Earth pro.

17, 2017. Accessed January 22, 2020. (For interpretation of the references to colour in this



Fig. 2. Images of field sites in Obergurgl, Tyrol, Austria: a) Gaißbergtal river (GAI), b) Rotmoostal river (ROT), c) artificial pond (A-Pond), d) natural pond system (N-Pond).
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2.5. Ice nucleation activity by cryo-microscopy for unfiltered and filtered
water samples

After the sampling and processing, the unfiltered and the filtered
water samples were kept frozen at −20 °C. For analysis, the samples
were thawed in a cold-water bath, shaken to counter sedimentation
and 0.5 mL pipetted into sterile Eppendorf tubes for immediate use.
Ice nucleation activity of these sampleswas determinedmicroscopically
with the Vienna optical droplet crystallization analyzer (VODCA), an
emulsion freezing method previously described in other publications
(Felgitsch et al., 2018; Häusler et al., 2018; Pummer et al., 2012). The
setup consists of an optical microscope (Olympus BX51M) equipped
with a cryo-cell for low temperature measurements. The cryo cell con-
sists of a custommade, gas tight Teflon® cell equippedwith a Peltier el-
ement (Quick-cool QC-31-1.4-3.7M) for cooling purposes, and a glass
window in the cover to enable microscopy. The Peltier element is
mounted on a copper cooling block which is cooled by circulating cold
water thus enabling the Peltier element to cool the cold side down to
−50 °C. Temperature in the cell is recorded with a thermocouple
type-K situated next to the sample area on the ceramic surface. The
emulsion samples are prepared by creating a water in oil emulsion
where the watery phase is the sample material and the oil phase is
made of 85wt% paraffin oil and 15 wt% Lanolin as an emulsifier. Similar
mixtureswere used and proven useful for droplet freezing (Hauptmann
et al., 2016; Murray, 2008b). The emulsion is created by pipetting a
small excess of oil phase next to a drop of sample on a cleaned glass
lid and then mixing it by hand with the disposable micropipette tip.
This method, yet very simple produces good and reproducible results
and was favored over mixing with a Vortex laboratory mixer or an
4

ultrasonic bath. The emulsified sample was transferred into the cryo-
cell, which was then closed and flushed with nitrogen gas for one min-
ute to remove excess humidity. The temperature program was set to a
cooling rate of 0.6 K/s until 253 K and 0.1 K/s until 233 K. Every sample
was measured at least three times resulting in approximately 75-140
counted droplets per sample. The freezing droplets are counted manu-
ally and only the droplets in the size range of 25± 10 μmare registered.
This results in the droplets volume between 1.8 and 22.4 pL with the
mean droplet size of 25 μm having a volume of 8.2 pL. For all samples,
the median freezing temperature (T50) and the initial freezing temper-
ature/onset temperature (TO) were determined. The median freezing
temperature T50 is the temperature where 50% of the recorded droplets
are frozen. TO is the temperature where the first droplet of the sample
freezes. TO is generally less reliable as it is a single value and therefore
prone to outliers. However, in order to screen a large set of samples
with presumably low concentration of INPs, for the most active ones,
it is a useful value. T50 mean values and their Standard Deviation (SD)
were determined by a minimum of three runs and for TO values the
highest onset temperature of the several runs was determined. For the
TO values we calculated a SD from previous refreezing experiments of
reference material. The cumulative nucleus concentrations K(T) for T50
and TO values were calculated according to Vali (2019, 1971). With a
mean droplet size of 25 μm, K(T50) can be calculated as 8.45 ×
107 mL−1 for the resembling T50 values.

2.6. Freeze drying of water samples

Water samples that showed a high T50 and/or TO were picked for
freeze drying along with several inactive ones for reference. The freeze
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drying was done to concentrate the INPs without destroying any active
composites. For this process 12mL of a samplewere freeze dried (Christ
Alpha 1-4 LDplus; 24 h at 1 mbar and −55 °C and 4 h at −55 °C and
10−2 mbar) and the residues were dispersed in 200 μL of ultrapure
water (produced with Millipore® SAS SIMSV0001). The samples were
then analyzed for ice nucleation activity with the procedure described
in Section 2.5.

2.7. Treatment of sand samples

Sand sampleswere thawed and filtered through a standard cellulose
filter (VWR cat # 516-0802) to remove excess water. After this step, the
sandwas transferred into glass Petri dishes and heat treated in a labora-
tory oven at 300 °C for 24 h to remove water and destroy possible or-
ganic/biological material. At this temperature most biological INPs will
be denatured (Pouleur et al., 1992) and organic material combusts or
evaporates (Kristensen, 1990). Once cooled, the samples were milled
in a ball mill (Retsch MM400) with a tungsten carbide ball for 90 s at
30 Hz to produce a homogeneous mineral dust for further analysis.
The dust was kept in sterile 50 mL centrifuge tubes (Brand cat #
114823) until measurement by cryo-microscopy.

2.8. Ice nucleation activity by cryo-microscopy of river sand

Cryo-microscopy of the sand samples was carried out the same way
as for the water samples. For the sample preparation 5 mg of the min-
erals dust were suspended in 1 mL of ultrapure water with the aid of a
laboratory vortex mixer. The samples were kept in an ultrasonic bath
to counter sedimentation and briefly mixed with the vortex mixer be-
fore measurement.

2.9. Culturing of microorganisms from filters

Culturing of microbes from filters was conducted following similar
protocols to Benson et al. (2019). Briefly, filters were resuspended in 5
or 10 mL of sterile water in 100 mL sterile glass bottles. A single sterile
magnetic stir bar was added to each bottle, and a Cimarec stir plate
(cat #SP131635) was used to resuspend material on the filters follow-
ing a gentle spin (setting #4) for 10 min. Following resuspension, 0.2
mL of this concentrated samplewas plated in triplicate on KBC selection
plates (Kings Bmediummade as 15 g/L proteose peptone, 1.5 g/L anhy-
drous K2HPO4, 10 mL/L 100% glycerol, 6 mM MgSO4) with 24 mM
H3BO3, cephalexin (10 mg/L), and cycloheximide (50 mg/L)) (Mohan
and Schaad, 1987). Subsequent dilutions of the resuspension were
plated in triplicate on KBC and TSA + cycloheximide 50 mg/L (10%
TSA, 1.8 g/L tryptone soya broth). The abundance of bacterial growth,
or number of colony forming units (CFU), for each plate was recorded.
To normalize the concentration of bacteria across the data set, the con-
centration or dilution used for platingwas converted tomL and CFU/mL
was determined for each sample. The abundance of CFU counts on indi-
vidual plates was categorized as low (1-19), moderate (20-399), high
(400-900), and tmtc (too many to count) (999). Plates with moderate
growth were used to record CFU values when possible.

2.10. Ice nucleation assays for microorganisms cultured from water
samples

Colonies were picked from KBC plates and tested for INA using a
droplet freezingmethod (Hanlon et al., 2017). Briefly, sterile toothpicks
were used to transfer single colonies to 140 μL of sterile DI water in 96-
well plates. Plates were covered in pierceable foil, vortexed for 30 s, and
stored at 4 °C for 1 h. Following this incubation step, 12 μL dropletswere
loaded in duplicate onto a PARAFILM® M (Sigma P6543, 20 in. × 50 ft)
float assembly placed in a cooling bath held at−6 °C. The cooling bath
consisted of ethylene glycol coolant fluid (Air gas RAD64000246) in a
Lauda Alpha RA 12 (LCKD 4908) cooling unit (LAUDA-Brinkmann, LP,
5

Delran, NJ, 08075). Temperature was decreased twice, in 1-min inter-
vals to −8 °C, and then held at −8 °C for 10 min. Pictures of each
cryo-float assembly were recorded after the 10-min incubation.

2.11. Statistical analyses

To test for significant differences of T50, TO, CFU/mL, and INA fraction,
Analysis of Variance (ANOVA) was applied on these sample sets. One-
way ANOVA was applied for each pair of campaign, characteristic,
filtered/unfiltered as factors and T50, TO, CFU/mL, and INA fraction, as
data with a significance level of 0.05. Tukey's Honest Significant Differ-
ence (HSD) was used to test for means differences with a significance
level of 0.05. The program Origin Pro 2019bwas used for this.

3. Results and discussion

3.1. INA of river and pond samples

The results of all samples are summarized in Supplement Tables S2
and S3 with sections for cryo-microscopy and biological analyses. A
total of 60 water and 2 sand samples were collected. For the cryo-
microscopy, 60 each of unfiltered/filteredwater sampleswere analyzed,
0.22 μm filters and two pretreated and re-dispersed sand samples. On
the overall view most samples are very close to the homogeneous nu-
cleation temperature of the cryo-microscopy setup which is at 237 K.
TO often differs by several degrees from T50, evidence for the strong di-
lution of INPs in the samples and therefore in the water sources. The
lowest value for T50 was at 233.8 K (OBA48) and the highest at 243.3
K (OBA9). For TO the lowest value was at 236.3 K (OBA48) and the
highest at 264.5 K (OBA9). The highest and lowest freezing tempera-
tures were observed within the river sample set. The cumulative nu-
cleus concentration K(T50) is 8.45 × 107 mL−1 for all resembling T50
values. K(TO) values are summarized in Supplement Table S3.

TSA, a general growth medium was used to confirm culturable mi-
crobe counts for bacteria at all locations. All locations had growth (rang-
ing from low to tmtc) on TSA plates (data not shown). KBC is a semi-
selective growthmedium used to select for Pseudomonas and highly re-
lated genera. Bacterial colonies from KBC plates were used for the INA
screen to determine the fraction of INA positive bacteria for each sample
location. For FC1, FC2, FC3, and FC4, the mean concentration of
culturable microbes on KBC was 73, 1102, 0.563, and 1.98 CFU/mL, re-
spectively. Concentration of growth on TSA plates for the four cam-
paigns followed the same trend with mean concentrations of 3968,
26852, 38, and 144, respectively.

The fraction of bacteria with the ice+, or INA phenotype was deter-
mined by number of colonies that froze in the INA-assay. Droplets that
froze on the cryo-bath float during the 10-min incubation at −8 °C
(265 K) were considered INA positive. The mean % of positive INA for
FC1, FC2, FC3, and FC4 was 27%, 5.6%, 86% and 23%, respectively. INA
fraction was the lowest for samples taken during FC2 (July2016), and
the highest for samples collected during FC3 (November2016). For sev-
eral samples in FC3, 100% INAwas observed (OBA37, 41, 43, 44, 46). One
sample in FC4 (OBA58) had 100% INA. These six samples all had low
CFU/mL values (mean of 0.178 KBC CFU/ mL) and were all in the low
(1-19) abundance of colony growth.

Data for both methods are shown in Figs. 3, 4, and 5, sorted by sam-
pling area (rivers, artificial pond, natural ponds). Fig. 3 shows similar
trends between the two rivers GAI and ROT. For FC2, however, no INA
positive colonies were cultured from river GAI. In the INA-assays three
INA samples were observed (3 of 6 total) from river ROT (Fig. 3b FC2),
and one from the N-Pond samples (Fig. 5b OBA30). For FC3, the CFU/
mL was low, however, the percentage of bacteria that froze in the INA
assay was the highest of the four field campaigns with a mean of 86%
INA. For FC3, the number of colonies screened ranged from 1 to 33
and the number that froze ranged from1 to 22.When comparing the re-
sults of the cryo-microscopywith the biological activity in Figs. 3, 4, and



Fig. 3. Results for river water samples from the four field campaigns FC1-FC4. Sample numbers are shown on x-axis without the prefix “OBA” along with the river (GAI/ROT) they were
sampled from a.) Shows cryo-microscopy results with T50 and TO temperatures of unfiltered and filtered samples on the y-axis in Kelvin. A reference line is plotted at 237 K which is a
threshold for homogeneous nucleation with the used system. b.) Shows results for culturable microorganisms, with CFU/mL grown from KBC media on y-axis 1, and the INA fraction
(% INA) on y-axis 2. The CFU/mL on x-axis 1 have different scales according to the results from the four sampling campaigns.

P. Baloh, R. Hanlon, C. Anderson et al. Science of the Total Environment 800 (2021) 149442

6



P. Baloh, R. Hanlon, C. Anderson et al. Science of the Total Environment 800 (2021) 149442
5, some samples bear a similarity between IN active colonies and higher
TO and T50 values. Yet others show INA in the INA-assay and no out-
standing TO and T50 values and vice versa. A direct link can therefore
not be made. A reason for this might stem from the fact that few num-
bers of bio INPs might go undetected with the cryo-microscopy setup
yet can growmanifold in cultivation. The highest average concentration
of colonies (KBC) was observed for FC1 and FC2 with a mean of 73 CFU/
mL and 1102 CFU/mL, respectively.

The data for the artificial pond are plotted in Fig. 4. Similar to the
river samples, the T50 values are close to the homogeneous nucleation
temperature indicated by the reference line. TO is often much higher
than T50, a sign for low concentration of the INPs. The biological analysis
shows CFU/mL to be 1.2 to 3.38 CFU/mL for KBC and 4995 CFU/mL for
TSA (FC1), 1998 for KBC and 5000CFU/mL for TSA (FC2), yet no IN active
colonies. FC3 had low growth (0.13 CFU/mL KBC and 6 CFU/mL TSA,
however 100% of colonies (2/2) were INA positive, a trend that was ob-
served for the river samples as well. FC4 shows slightly more growth of
overall colonies (1.67 CFU/mL KBC and 310 CFU/mL TSA) again with a
fraction being INA positive.

Natural pond data are shown in Fig. 5. T50 and TO values of the natural
ponds are both very close to the homogeneous nucleation temperature as
seen in Fig. 5. The same is observed for the other samples from FC2
(Figs. 3 and 4). The samples OBA32 and OBA35 show an outlying behav-
ior in that the filtered samples have a higher T50 and TO than the unfil-
tered, which was also observed in some river samples. OBA32 was
sampled at the outlet of a semi-stagnant natural pond with lots of visible
red algae growth, OBA35 was sampled further down of the same system.
The samples OBA33 and OBA34 were sampled in between in the same
stream yet did not show this behavior. The biological analysis shows
low CFU/mL for most samples with only one sample having high CFU/
mL and INA positive species (OBA30). Out of this sample set, OBA30
was collected at the highest elevation of the natural pond samples yet
with only one sample showing this effect no conclusion can be drawn
from this observation. Future research might look closer into a possible
correlation between elevation and INA. Other small scale local differences
might play a role aswell. Such differences do not seem to extend over the
rest of the water system, as all other collected samples from this set lie
downstream of the OBA30 sampling spot.

3.2. Concentration of INPs by freeze drying

Unfiltered samples that showed good INA were selected for further
concentration by freeze drying along with some lesser active samples
Fig. 4.Artificial pondwater samples from the fourfield campaigns FC1-FC4. Sample numbers ar
were sampled on. a) Shows cryo-microscopy results with T50 and TO temperatures of unfiltered
threshold for homogeneous nucleation with the used system. b) Shows results for culturable m
INA) on y-axis 2.
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for comparison. The results (T50,TO and according K(T)) are shown in
Supplement Tables S4 and S5. All samples except four (OBA30, 35, 57,
60) showed an increase in T50 temperatures through the concentration
step. Freeze-drying did significantly enhance the ice nucleation activity
of most samples. Changes of T50 of up to 12.3 K (OBA8) were found. T50
and TO for most samples lie closer together, a sign of steeper freezing
curves for the concentrated samples. This shows the overall strong dilu-
tion of INPs in the native/unconcentrated samples from these alpine
water sources as they show much stronger differences between T50
and TO. Four samples have a lower T50 with one sample being OBA35
which showed better freezing activity after filtration which could be a
sign for the concentration of any compound interfering with ice nucle-
ation. The other three samples with a lower activity after freeze drying
did not show any outlying behavior in their native form and OBA33
which also showed better ice nucleation activity after filtration had in-
creased activity after freeze drying. The data is therefore too slim to
draw any conclusions. The most important result of the freeze-dried
samples is that the highly active samples from FC1 increased their ice
nucleation activity to temperatures above the concentrated sediment
samples (Sand-ROT, Sand-GAI) showing that inorganic ice nuclei are
not the cause of highly active INPs in these samples.

3.3. Seasonal and spatial trends of INPs

The cryo-microscopy results of the unfiltered samples from two riv-
ers, the artificial pond, and the natural pondswere compared to examine
potential seasonal and spatial (geographic) trends. With regard to the
spatial trends, there were no significant differences found for T50 (p =
0.36), and TO (p = 0.54) values when comparing characteristics of the
samples. For the culturable microbes, site characteristics also showed
no significant differences for the number of CFU/mL from KBC media
(p = 0.55) and no significant differences for the INA positive fraction
(p = 0.21). Overall, the INA of the samples determined by two different
methods showed no significant differences when comparing locations
of the two rivers, the artificial pond, and the natural ponds. This leads
to the conclusion that INA in this relatively small alpine area does not dif-
fer strongly, depending on the characteristic of thewater body. For future
research a combination of cultivation and subsequent cryo-microscopy
might revealfinedifferences in spatial bacterial INAyet this cannot be ob-
served in this study. A similar observation was made by Pietsch et al.
(2017) which found no significant differences of ice nucleation active
strains between different spots and depth of a lake. However, there are
outliers among the samples where ice nucleation activity is much higher
e shownon the x-axiswithout the prefix “OBA” alongwith thefield campaign number they
and filtered samples on the y-axis in Kelvin. A reference line is plotted at 237 K which is a
icroorganisms, with CFU/mL grown from KBC media on y-axis 1, and the INA fraction (%



Fig. 5. Natural pond results from field campaign 2 (July 2016). Sample numbers are presented on the x-axis without the prefix “OBA” a) Shows cryo-microscopy results with T50 and TO
temperatures of filtered and unfiltered samples on the y-axis. A reference line is plotted at 237 Kwhich is a threshold for homogeneous nucleation with the used system. b) Shows results
for culturable microorganisms, with CFU/mL grown from KBC media on y-axis 1, and the INA fraction (% INA) on y-axis 2.
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than themeanof a certain body ofwater. Locationswithmuchhigher INA
could be caused by small scale differences as bacterial colonies/films on
rocks (Morris et al., 2007), small feeder streams with higher concentra-
tions of incorporated soil and decayed plant matter (Schnell and Vali,
1976) or other highly local factors that lead to these results. With larger
scale sampling as it was done for this study, single locations with strong
ice nucleation activity do not contribute enough to impact the mean of
onewatermassmuch stronger than the other to showa significant differ-
ence. These small-scale factors change over the course of a year as some
of the spotswith very good IN activitywere revisited at exact coordinates
and did not show exceptional IN activity on other sampling campaigns.

With regard to the seasonal trends, the T50 values are not signifi-
cantly different (p= 0.22) partly due to the broad spread of the values.
TO values showed a significant difference (p= 5 × 10−4) for the differ-
ent sampling campaigns with a trend that is also observable for the T50
values (Supplement Fig. S3). A plot for the mean TO values is shown in
Fig. 6a. The graph shows a trend with the highest TO values for FC1
(June) lowering for FC2 (July) and FC3 (November), and an increase
again for FC4 (May). For the culturable microbes, the campaigns re-
vealed a significant difference for the CFU/mL from KBC media (p = 3
× 10−12) and significant differences for their INA fraction (p = 4 ×
10−7). The plotted mean values of the four sampling campaigns are
shown in Fig. 6b and c. Fig. 6b shows that there is a medium to low
amount of CFU/mL present for FC1 with some variability in concentra-
tion. For samples from FC2 (July) there is a strong increase in CFU/mL al-
beit with quite some variety within the sample set. Samples from FC3
(November) and FC4 (May) then show a stark decrease in CFU/mL
with a much smaller variety. In Fig. 6c, the mean INA fraction from the
grown colonies is plotted. FC1 samples do show some INA with around
30% of INA colonies. FC2 samples behave inversely to the CFU/mL with
the lowest observed INA of around 6% for the sample set. FC3 also
shows such inverse behavior as the CFU/mL were observed as the low-
est of all field campaigns yet INA fraction is highest with around 75%
being INA. FC4 samples are very similar to FC1 with a slightly lower
mean INA fraction yet not really distinguishable.

This trend could be explained in part by different transport mecha-
nisms of materials in glacier fed streams (as GAI and ROT are) over the
course of a year, which changes the physical-chemical composition of
the water and even more important, the amount of particles transported
in the stream (Füreder et al., 2001). This could increase the number of po-
tential ice nuclei, especially inorganic ones, transported in the water. The
cryo-microscopy results of the concentrated sediments from the two
streams show the ice nucleation potential of the inorganic particles can
account for freezing events up to a T50 of 247.2 K and TO of 250.4 K (see
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Supplement Table S2). Highly active samples show even higher activity,
some in native form and some after freeze drying. Freezing events higher
than the T50 and TO of the sediment samples are likely not caused by inor-
ganic but by biological INPs. Due to snowmelt, many feeder streams are
present in late spring and early summer (represented by samples from
FC1 and FC2 in this study) with water flowing over the meadows with a
possible uptake of microorganisms (Morris et al., 2007), soil (O'Sullivan
et al., 2014; Zolles et al., 2015), and plant material (Pummer et al., 2015;
Schnell and Vali, 1972). This has an impact on the general number of par-
ticles and microbes transported in these waters which shows in the T50
and TO values and CFU/mL concentrations of thewater samples. Precipita-
tion might also re-/introduce bacterial INPs into the water systems as it
was observed for Pseudomonas ssp. in rain (Morris et al., 2014, 2017)
and cloud water (Joly et al., 2013). For snow only negligible biological
INP concentrations were observed for a snowfall event in Obergurgl,
2018 (Baloh et al., 2019). We assume that the largest share of ice nucle-
ation active microbes in our water samples is of terrestrial origin similar
to other recent observations (Larsen et al., 2017; Knackstedt et al.,
2018). The samples from FC1 show high CFU/mL with a mean IN activity
of aroundone third of these cultivated colonies. This is consistentwith the
highmean TO results for FC1. In general, those sampleswith a high ice nu-
cleation activity in cryo-microscopy often show good growth of colonies
and activity in the microbial INA-assay as well. There are however some
samples where this does not line up as they show INA with the cryo-
microscopy yet none in the INA-assay. As it is often the case with natural
samples, probably more than one factor contributes to our results and
here Pseudomonas and related genera seem to contribute to the INA of
many but not all samples tested. It is hard to determine which other
INPs are present may it be material from plants, fungi, or even yet
unculturable bacteria but they seem to follow a seasonal trend.

We speculate that atwarmer temperatures (FC1/June 2016 and FC2/
July 2016), overall abundance of microbes is naturally larger with some
share of those INA bacteria which grew on the KBCmedia in late spring
(FC1). In the summer (FC2), the - from the TSAmedia observed - gener-
ally large microbial abundance seems to outcompete those IN active
species with only little IN active colonies observed in the sample set.
When temperatures grow cold in November/December (FC3), observed
microbial abundance, is much lower, yet with a striking amount of IN
active species. In the winter months the colder temperatures and
lower amount of nutrients in the water (Füreder et al., 2001) lead to a
competitive advantage for those IN active bacteria. When temperatures
are slowly getting warmer in May (FC4), overall observed abundance
begins to increase from an average of 0.533 CFU/mL to 1.98 CFU/mL
(KBC) and 37.7 CFU/mL to 143.6 CFU/mL (TSA). However, the INA



Fig. 6.Mean values of the campaignswith the campaign number andmonth on the x-axes.
a) Showsmean TO temperatures of a campaignwith standarddeviation (SD) on the y-axis,
b) Shows the mean number of CFU/mL grown on KBC media from a campaign with
standard deviation (SD) on the y-axis, c) Shows the mean INA fraction (percentage of
INA) of colonies from different campaigns with standard deviation (SD) on the y-axis
with a reference line for the maximum of 100 and the minimum of 0.
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fraction of bacteria from KBC media dramatically shifts from 75.2%
down to 23.5%.We speculate that the best conditions for those IN active
species which can grow on KBCmedia are probably sometime in spring/
early summer, likely due to their selective survival over winter they
9

then benefit from the warmer temperatures and better nutrient avail-
ability before they are outcompeted by other, less IN active species in
the summer. The INA phenotype could provide a potential survival ad-
vantage similar to typical psychrophilic bacteria that have been shown
to produce ice binding proteins (Bar Dolev et al., 2016; Raymond
et al., 2008) which include antifreeze- as well as ice nucleating proteins
(Dhaulaniya et al., 2019) for their survival. If bacteria that produce ice
nucleating proteins, but are not typically psychrophilic, as the
P. syringae species, have better survival rates at subzero temperatures,
is an intriguing question that to our knowledge has not been investi-
gated yet. Overall, the activity of INPs (inorganic and biotic) was ob-
served to change significantly with the time of year. The number of
inorganic particles transported in the river changes over the year, espe-
cially at snowmelt. Yet besides the particle load, the composition of the
transported sediments is unlikely to change fundamentally over the
year and our results show INPs exceeding the activity of the sediment
samples. One explanation is the presence of certain INA bacteria as we
could show with our results. But as mentioned above this does not
seem to be the whole story and for some samples other INA factors
seem to contribute, which we cannot determine from our experiments.
Candidates are plenty, from plants to fungi to yet uncultured microbes
and the metabolites and secondary products of all of these. More spe-
cific research on such single materials will hopefully shed light on
other possible INPs contributing to INA in natural water sources.

3.4. Effect of 0.22 μm filtration on INA

ANOVA of the 0.22 μm filter step showed no significant differences for
T50 (p= 0.44), and TO (p= 0.52) values between unfiltered and filtered
samples. In fact, when plotted, the differences look very similar to a nor-
mal distribution as seen in Supplement Fig. S2. This is evidence for sub-
micron particles altering INA after the filtration step. Not all samples of
our sample set showed the same behavior.With a closer look the samples
can be grouped into three categories. 1.) Samples with an already very
low T50 that does not change significantly after the filtration step. Those
samples have a very low concentration of particles that alter ice nucle-
ation and consequently ice nucleation activity does not change much
after filtering these samples. 2.) Samples with a considerable ice nucle-
ation activity that have a significantly lower T50 and TO after filtration.
Those samples havemicrobial and probably inorganic INPs that are effec-
tively held back by thefilter and thus their influence cannot be seen in the
filtrate which then has a lower T50 and TO. Often, however, ice nucleation
is still higher than the homogeneous nucleation temperature after filtra-
tion which can be attributed to sub-micron scale particles 3.) Samples
with a near homogeneous or even lower T50 and TO that change to higher
values after the filtration. Category 3 seems counterintuitive as it is gener-
ally considered that a water volume with more particles nucleates faster
than with less particles, as the probability for good ice nuclei is higher.
Particles above the 0.22 μm size threshold are only present in the
unfiltered sample which according to classic theories about INPs
(Pruppacher and Klett, 1997) should also lead to much better ice nucle-
ation. This however does not apply to some of the collected samples.
Two of the natural pond samples (OBA32, OBA35) and three of the river
samples (OBA48, OBA49, OBA56) stand out the most. These samples
show a T50 of the unfiltered samples that is lower than the reference
line for homogeneous nucleation of ultrapure water on our setup and
have a higher T50 after the filtration. These five samples showedmicrobial
growth in line with the other samples from the respective sampling
campaigns. A reasonable explanation is that some material from these
samples counter the ice nucleation and the filtration removes them. Anti-
freeze proteins (AFPs) can cause such an altered freezing behavior and
they are known to be produced by various organisms such as fish
(Fletcher et al., 2001), insects (Kong et al., 2017), plants (Atici and
Nalbantoglu, 2003), and also bacteria (Duman and Olsen, 1993). AFPs
have a smaller size between7.4 and 14KDa (Davies, 2014) than ice nucle-
ating proteins which vary between 100 up to around 1000 kDa, many of
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which are approximatelymuch smaller than the 0.22 μmfilter step. AFPs -
whichwould pass the 0.22 μm filter – have recently been found to induce
ice nucleation at higher than homogeneous freezing temperatures in lab
experiments (Eickhoff et al., 2019). This along with other nanoscale
INPs could explain a higher than homogeneous freezing temperature,
yet still the question remains what compound is filtered out of the sam-
ples that suppresses ice nucleation. Soluble organic and inorganic com-
pounds are known to absorb on solid particles and alter their ice
nucleation in both directions (Boose et al., 2019; Chernoff and Bertram,
2010; Möhler et al., 2008; Whale et al., 2018). Since the samples of this
studywere continuously in aqueous solution the filter step should not in-
terfere with any soluble compounds except if any strong adsorption
bonding takes place. Additional investigations of possiblemicroorganisms
or other factors contributing to this observation are warranted.

Many samples still show ice nucleation activity after the filter step, a
sign for nano-scale particles being active as ice nuclei in these samples.
This is consistent with recent findings about INPs from biotic origins
that show soluble ice nucleating macromolecules are present in plants
(Pummer et al., 2012; Dreischmeier et al., 2017; Felgitsch et al., 2018),
fungi (Fröhlich-Nowoisky et al., 2015), and bacteria (Vasebi et al., 2019).
Sub-micron sized INPs were also found to be present in natural water
samples (Knackstedt et al., 2018; Larsen et al., 2017) consistent with
our results. To filter samples with a 0.22 μm filter is a standard method
to remove microbial activity from samples (Eykamp, 1997). Along with
microbial particles many other carbonaceous and inorganic particles
larger than 0.22 μmare held back by this step aswell. Itwould be intuitive
to guess that a natural water sample has significant lower INA after filter-
ing it through a 0.22 μm filter, since any INPs larger than that, are held
back by this separation step. For the samples analyzed in this study
some differ from this assumption and so when evaluating the results for
the filter step it further underscores the presence of sub-micron INPs in
naturalwater systems. The topic of sub-micron INPs is of growing interest
andmore research (lab and field work) will be needed to assess their im-
pact on terrestrial and atmospheric water systems.

3.5. Implications for snowmaking

One part of the motivation for this study came from the idea to
screen natural water systems, that are used as sources for artificial
snow production, for endemic INPs. This has, to our knowledge, not
been done before and we wanted to take a first look onto this subject
to see if any patterns exist for the presence of INPs in natural waters.
As it is a first look, our findings are far from any immediate application,
but itmight give some ideas to future applied researchprojects that look
further into this subject. Knowledge about source or time when en-
demic INPs are present could benefit snow production without the
need for additives to the water which is not always desired. We can
for sure say that INPs are present in all water sources with some of
them also showing relevant INA. We can also say that the choice of
source from the sampled systems does not seemmake a significant dif-
ference. As mentioned above the time of year seems to make a differ-
ence, yet since snow productions is mainly done in late fall and winter
the flexibility here is limited. The interesting part of our results might
be the growing seasonal share of certain INA bacteria grown on KBC
media after winter. It would have to be determined what leads to this
effect if it may be temperature, nutrient availability, or other factors.
This could be a lead as to how, certain already present INPs, could be
maximized. For certain, more research in the form of controlled lab
and field studies will be needed to elucidate the best ways to use en-
demic INPs as ice nucleating agents in artificial snow production.

4. Conclusion

We found INPs with a broad range of activity in the investigated
water sources ranging from a T50 of 233.8 K which is below the homo-
geneous nucleation temperature of our system up to a T50 of 250.8 K
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and TO of 264.5 K. The highest T50 values of water samples exceed the
T50 values of suspensions from river sediment underlining the impact
of bio INPs to high INA in water.

A 0.22 μm filtration step used on all samples revealed no significant
differences for T50 values proving the presence of submicron INPs in the
investigated water sources.

Single samples showed higher T50/TO values after 0.22 μm filtration.
From these few samples we could not draw any conclusions for the
cause, yet it is an intriguing question for future research to determine
which particles or adsorbents can cause this effect.

Significant spatial differences of INA between the four sampled
water sources were not found. Some single samples differed far from
the mean T50/TO of a source to higher IN temperatures. This points to
small scale local factors that must play a defining role for this higher
than usual INA.

Comparison of the four sampling campaigns revealed significant dif-
ferences in INA between the campaigns with FC1 (Spring/Early Sum-
mer) having the highest overall INA in T50 and TO and FC3 (Winter)
having the highest fractions of IN active species grown in KBC media,
yet overall low numbers of CFU/mL. We draw the conclusion that
these culturable IN active species show better survival rates during
the colder months compared to non-IN active species from KBC media.
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