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Abstract
Background

Global dispersal of microorganisms primarily occurs through airborne transport. Airborne microorganisms can travel thousands of kilometres and be
deposited in the most remote places on Earth, from the Arctic to Antarctica, with the potential of invasion and colonisation. The �rst stage of microbial
colonisation is deposition into a new ecosystem. However, how and under what circumstances such deposited microorganisms might successfully colonise
a new environment is yet to be determined. Using the Arctic snowpack as a model system, we investigated the colonisation potential of snow derived
bacteria deposited onto Arctic soils during and after snowmelt using laboratory-based microcosm experiments set-up to mimic realistic environmental
conditions. We tested different melting rate scenarios to evaluate the in�uence of increased precipitation (via the increase of bacterial inputs and
ecosystem disturbance) as well as the in�uence of soil pH (as the key driver of soil diversity) on bacterial communities and on the colonisation potential.

Results

We observed several candidate colonisations in all experiments; however, the number of potentially successful colonisation was higher in acidoneutral soils,
at the average snowmelt rate measured in the Arctic. While the higher melt rate increased the total number of potentially invading bacteria, it did not
promote colonisation. Instead, persistence decreased with time and most potential colonists were not identi�ed by the end of the experiments. On the other
hand, soil pH appeared as a determinant factor impacting invasion and subsequent colonisation. In acidic and alkaline soils, bacterial persistence with time
was lower than in acidoneutral soils, as was the number of potentially successful colonisations.

Conclusions

This is the �rst study to investigate bacterial colonisation using the snowpack as a model system, and to demonstrate the low rate of potentially successful
colonisations of soil by invading bacteria. It suggests that local soil properties might have a greater in�uence on the colonisation outcome than increased
precipitation or ecosystem disturbance.

Background
Global dispersal of microorganisms has primarily been shown to occur through airborne transport via the aerosolisation of particles [1]. Once airborne,
microorganisms can travel thousands of kilometres [2–5] and be deposited to the most remote places on Earth, from the Arctic [6–8], to Antarctica [9–12].
While microorganisms were once considered to be ubiquitously distributed with limitless dispersal capability [13], recent studies have shown that
microorganisms are not cosmopolitan and the role of ecological drift and dispersal limitation in their distribution is signi�cant [14–17]. Therefore, airborne
microorganisms have the potential to invade and colonise all ecosystems across the globe.

The �rst step of microbial colonisation is deposition within the environment itself [18, 19]. This deposition process is generally categorised as ’wet’ or ’dry’
deposition. Dry deposition occurs following adherence to buildings, plants, water or soil surfaces, while wet deposition is caused by precipitation events
such as rain or snow [1, 20]. While the constant deposition of microorganisms into new environments is accepted and has been demonstrated [20–22],
whether the deposited microorganisms become established and colonise the new environment long-term is still subject to debate. Only a few studies to
date have investigated these questions, including a study demonstrating the quick colonisation of sterile soils by airborne microorganisms [23], and another
suggesting that dispersal via rainfall altered the soil microbial response to drought without actively demonstrating microbial colonisation [24].

The Arctic snowpack is an ideal model with which to study colonisation following wet deposition (by snowfall) since it covers the Arctic tundra for 8 to 10
months of the year while also isolating the soil from outside in�uence [25]. The snowpack acts as an ephemeral transition ecosystem for airborne
microorganisms. Indeed, although the snowpack is seeded by airborne microorganisms, its own unique microbial community develops over time [6, 26–28].
The snowpack community is well adapted to surrounding environmental conditions [29–31], one of the key factors in successful colonisation [18, 19]. Once
the snow starts to melt, the run-off travels vertically under gravity on �at terrain, to reach the frozen soil layer and in�ltrate the soil [26, 32, 33]. However, the
percolation of meltwater is a complex process in�uenced by soil properties such as temperature, moisture or the presence of ice, but also by the rate of
snowmelt [32, 33]. The snowpack is a major source of potential colonists as it supports between 101 and 104 microbial cells per mL [34–37]. Snowmelt
also creates a peak in nutrient and solute availability in soils [26, 38–40]. This resource pulse may facilitate the colonisation of soils by snow
microorganisms [41]. Furthermore, ecosystem disturbance, such as the sudden addition of water [42, 43], may promote successful colonisation [44, 45].
Therefore, snowmelt may be an opportunity for snow microorganisms to establish in rich and diverse soil communities, which would otherwise be di�cult
to colonise [46]. Generally, studies on microbial invasion and colonisation investigate a single (or very few) invader taxa inoculated at a high density into
manipulated communities [23, 41, 47–50]. In this study, we investigated changes in soil bacterial communities during snowmelt and evaluated the
colonisation potential of snow bacteria deposited into Arctic soils during and after snowmelt using microcosm experiments. Invading (snow) and invaded
(soil) communities were not manipulated in order to examine changes in abundance, alpha and beta diversity with snowmelt and assess the frequency of
potentially successful colonisation events from a realistic inoculation scenario into natural soil communities.

The �rst set of experiments evaluated the in�uence of increased precipitation on the colonisation potential by using different melt rate scenarios. A
seasonal average and a fast saturating snowmelt rate were simulated to test the hypotheses that increased colonisation would be observed in the soils
in�uenced by a fast �ow rate due to a higher number of microorganisms deposited as well as increased ecosystem disturbance (analogue to increased
precipitation). Indeed, under the current climate trend, precipitation (either rain or snowfall) is expected to increase in the region [51, 52], and the resulting
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deeper snowpack may melt faster due to higher temperatures [53]. Whether such an increase in microorganisms and available water as a result of a deeper
snowpack will in�uence the colonisation success remains to be determined.

The second set of experiments investigated the colonisation potential of microorganisms deposited into soil ecosystems with different pH ranges. In Arctic
soils, as elsewhere, pH is the primary driver of microbial community structure and diversity [14, 17, 54, 55], demonstrating that climatic conditions are not
the only abiotic factor invaders have to adapt to. The in�uence of soil pH on the colonisation potential during average snowmelt rates was evaluated to test
the hypothesis that increased colonisation would be observed in acidoneutral soils compared to acidic and alkaline soils. In many ways, acidic and alkaline
soils are considered harsh environments requiring a wide range of adaptations [56–58]. Although microorganisms within the snow can be expected to be
well adapted to climatic conditions [29–31], whether they have the capacity to adapt to harsh physicochemical properties or to fast changing environmental
conditions to colonise soils remains unknown.

Methods

1. Approach
In all experiments, melted snow was input into soil columns and after percolation, the out�ow was recovered [Fig. 1]. In the �rst set of experiments, only �ow
rate was manipulated (at acidoneutral soil pH) to evaluate the in�uence of increased precipitation (using snowmelt rate as a proxy). In the second set of
experiments, only soil pH was manipulated (at constant average �ow rate) to evaluate the in�uence of soil pH on the colonisation potential of snow
bacteria into soils.

The snowmelt period in the Arctic lasts anywhere between 7 to 30 days, with an average of 15 to 20 days [59, 60]. Here, melted snow was introduced to the
system every day for 14 days to simulate this snowmelt period, followed by 15 days snow-free to simulate the post-melt season. All experiments were
conducted at 4°C to simulate Arctic climatic conditions. However, they were kept in the dark, unlike summer Arctic conditions, to avoid the formation of
cyanobacterial mats and to avoid a light regime change after storage in the dark. Indeed, differentiating the impact of light and water regime change would
have been di�cult. Bacterial communities within each component (snow, soil, out�ow) were monitored with time using qPCR and 16S rRNA gene amplicon
sequencing.

2. Sample collection and properties
The soil used for microcosm experiments was collected in Adventdalen (78°10’12’’N, 16°3’0’’E), Svalbard in July 2018, from the top 15 cm using ethanol-
cleaned trowels and Whirl-pak bags (Nasco, WI, USA). Plant roots and rocks were removed manually in a class II biological safety cabinet (ESCO,
Singapore), soil samples were homogenised and stored before transportation to the United Kingdom for further analysis. 1 g of soil was also frozen at
-20°C for DNA extraction and later referred to as day of �eld sampling (DS). The stored soil was passed through a 1.5 cm sterilised sieve in a class II
biological safety cabinet (ESCO) to remove large organic matter and larger soil particles. pH, conductivity, moisture and total organic carbon were measured
in the laboratory (Table S1) using the same methods as Malard et al. [17]. The snow used for microcosms was collected in Whirl-pak bags (Nasco) using
ethanol-cleaned shovels, close to Mine 7 in Svalbard in July 2018. The snow was left to melt at room temperature, transferred to sterile containers and
preserved at 4°C until transportation to the United Kingdom. To analyse the bacterial community on the day of �eld sampling (DS), 250 mL of melted snow
was �ltered through a 0.22 µm Whatman nitrocellulose �lter (Merck, Darmstadt, Germany) using a sterile �ltration unit (Nalgene Nunc International
Corporation) and frozen at -20°C. To avoid freezing the samples and the associated potential cell death [61, 62], and because temperature was a constant
factor in the microcosms, all materials were stored at 4°C after �eld sampling (DS) and for 100 days until the beginning of the experiments, and were
maintained at 4°C during the experiments.

3. Microcosm construction
Prior to constructing the microcosms, a control soil sample was frozen at -20°C and 250 mL of melted snow was �ltered for DNA extraction, referred to as
day-10 (D-10). Microcosms were constructed aseptically in a class II biological safety cabinet (ESCO) by adding 30 g of sieved soil in sterile 50 mL falcon
tubes, packed at a density of approximately 0.96 g/cm3, within the range of expected density relating to the soil organic carbon in Arctic soils [63].
Microcosms were left for 10 days to allow the soil bacterial communities acclimatise and adapt to the environmental conditions until the start of the
experiment (D0). A multichannel peristaltic dosing pump (Jebao DP-4, DP-5 and DP-3S) was used for the delivery of melted snow and sterile water into each
microcosm. At the bottom of each tube, an evacuation hole was created using a sterile needle to let the excess liquid exit the system and avoid complete
water saturation of the microcosm. A 0.45 µm Durapore membrane �lter (Merck) was �tted at the bottom of the tube to let the water and microorganisms
pass while stopping the soil from leaving the microcosm. The out�ow, referred to as �ow-through (FT), was collected in a sterile container, replaced on each
sampling day [Fig. 1]. Triplicates of each experiment were run in parallel for a total of 12 microcosms per experiment. Soil samples were collected
aseptically from the top of the column using sterile spatulas on day 0 (D0, �rst day of the experiment), day 5 (D5), day 9 (D9), day 14 (D14, last day of
melted snow input), day 20 (D20) and day 29 (D29). The collected soil was frozen at -20°C until further processing. On each sampling day, 250 mL of
melted snow was �ltered and frozen at -20°C until further processing. The sterile water used in the controls consisted of �ltered MilliQ water added to a
clean and empty autoclaved container and autoclaved again. The sterility of the water was assessed on each sampling day by microscopy using Petroff-
Hausser chambers and DNA extractions (Supplementary methods). The �ow-through output was �ltered through a 0.22 µm nitrocellulose �lter (Merck) on
D5, D9 and D14, and frozen at -20°C until further processing.

On each sampling day, the pH of input snow/water and soil columns was measured using a 5 mL of snow/water or a 1:5 soil to water ratio and a Mettler-
Toledo FE20 pH meter (Mettler-Toledo Instruments Co., Shanghai, China). The input snow pH (6.33 ± 0.15) and sterile water pH (5.82 ± 0.36) were
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acidoneutral. Overall, each microcosm remained within the pH category assigned throughout the duration of the experiments [Fig. S1].

3.1 Snowmelt rate experiments
In the Arctic, snow melts at an average rate of 9 mm water equivalent (we) per day [25, 59, 60, 64]. In Svalbard, in cases of extremely rapid melt, rates up to
68 mm we/day have been recorded (summarised in Winther et al. [59]). The average �ow rate (9 mm we/day) was equivalent to 6.4 mL/day for a 50 mL
falcon tube, which formed the basis of the microcosms, while the fast rate of 68 mm we/day was equivalent to 48.0 mL/day. At the fast rate, pilot
experiments demonstrated the rapid saturation of the system, preventing the percolation of water through the soil. To simulate a fast melt rate at which the
input water would saturate and percolate, a melting rate of 35 mm we/day was selected, equivalent to 24.7 mL/day for a falcon tube. A volume of 6.4 mL
was introduced once a day for average rates and a volume of 6.2 mL was introduced 4 times a day, every three hours (for 10 hours) for the fast rate.
Triplicates of each experiment were run as follows: average rates with melted snow (treatment 1), average rates with sterile water (control 1), fast rates with
melted snow (treatment 2) and fast rates with sterile water (control 2).

3.2 Soil pH experiments
On the day of microcosm set-up (D-10), the pH of the already acidoneutral soil (Table S1) was adjusted to cover acidic and alkaline pH ranges. 0.35 g of
Aluminium sulphate (Al2(SO4)3) was added to decrease soil pH and 0.44 g of calcium carbonate (CaCO3) was added to increase soil pH. The optimum
mass of each chemical to add to the soil was tested in a pilot experiment and in accordance with Nicol et al. [65]. A total of 12 microcosms were prepared, 6
acidic with pH = 3.65 ± 0.14 and 6 alkaline with pH = 7.97 ± 0.22 and left for 10 days at 4°C to let the soil bacterial communities acclimatise and adapt to the
new environmental conditions. Using the average melt rate of 9 mm we/day, triplicates of each experiment were as follows: acidic soil with melted snow
(treatment 1), acidic soil with sterile water (control 1), alkaline soil with melted snow (treatment 2) and alkaline soil with sterile water (control 2). The
acidoneutral microcosms (pH = 5.31 ± 0.17) with average melt rate were run in the previous experiment (melt rate) and not repeated. Instead, the results
were reused in different settings to compare the experiments.

4. DNA extraction, amplicon sequencing and bioinformatic processing
Soil DNA was extracted using the PowerSoil kit (Qiagen, Carlsbad, CA, USA) and following the manufacturers’ protocol. Snow and �ow-through (FT) DNA
was extracted using the PowerWater kit (Qiagen) and following the manufacturers’ protocol. Each extract was PCR ampli�ed using the universal primers
515F-806R [66]. Resulting amplicons were cleaned, normalised, pooled, sequenced on the Illumina MiSeq (as described in Malard et al. [17]) and resulting
amplicons were processed using the DADA2 pipeline [67]. Forward and reverse read pairs were trimmed and �ltered, with forward reads truncated at 230
base pairs (bp) and reverse reads at 200 bp, no ambiguous bases allowed, and each read required to have < 2 expected errors based on their quality scores.
Amplicon sequence variants (ASVs) were independently inferred from the forward and reverse reads of each sample using the run-speci�c error rates. Reads
were dereplicated, pairs were merged, and chimeras were removed. Taxonomic assignment was performed against the SILVA v128 database [68, 69] using
the implementation of the RDP (ribosomal database project) naive Bayesian classi�er. A total of 6 715 429 (± 30 114 reads/samples) were assigned
against 20 583 ASVs.

5. 16S rRNA qPCR
Quantitative real-time PCR (qPCR) was performed on a Bio-Rad CFX96 thermal cycler to quantify copy number of the bacterial 16S rRNA gene [70]. PCR
reactions were performed using the QuantiNova SYBR Green PCR kit (Qiagen) and 0.3 µM of universal bacterial 16S rRNA gene primers 1369F and 1492R
(detailed protocol in Supplementary Methods). The results were normalised by the mass of soil or the volume of snow or FT �ltered.

6. Statistical analysis
All statistical analyses and visualisations were performed in the R environment using primarily a combination of the vegan [71], phyloseq [72] and ggplot2
[73] packages. The decontam package [74] was used to identify potential contaminants using the prevalence function. The ASV table was also manually
curated to discard ASVs present in the kit and MiSeq controls in higher abundance than in other samples, leaving 19 081 ASVs. The rarefaction curves
saturated, suggesting that we reached the diversity plateau [Fig. S2]. Bacterial richness and diversity indices [75] were calculated in phylosEq. Differences in
16S rRNA gene abundance and alpha diversity between sample type (snow, soil, FT), experiment (melt rate or pH), treatment (sterile water or snow) and
sampling day and the interaction of all factors were assessed by a multi-factorial design using ANOVA and Tukey’s Honest Signi�cant Difference (HSD)
tests with Bonferroni correction.

The ASV table was normalised to the relative abundance and used to evaluate changes in community composition. PERMANOVA were conducted using the
adonis function with 999 permutations to identify signi�cant differences in bacterial composition using the Bray-Curtis community dissimilarity and further
observed using principal coordinate analysis (PCoA) [76, 77].

To evaluate the colonisation potential, the ASVs identi�ed in the control microcosms and pre-treated soils (day of �eld sampling (DS), set-up day (D-10) and
�rst day of the experiment (D0)) were discarded from the treated ASV tables. Then, the ASV tables were �ltered to keep the ASVs only identi�ed in the snow
(541 unique ASVs). Finally, only ASVs identi�ed in the snow and present in the soils after the start of the experiment were conserved to obtain ASV tables of
invaders and potential colonists for each experiment, leaving only 16 ASVs as invaders. All other 525 ASVs were either identi�ed only in the FT or snow
samples. Invaders included all taxa which were identi�ed in the snow and soil but not detected in the soil prior to the start of the experiment. Potential
colonists were invaders that were identi�ed across multiple days throughout the experiments, regardless of whether they were identi�ed in multiple
replicates or not. As new members of a community can naturally undergo abundance �uctuations [47, 49, 50], ASVs identi�ed across multiple days and still
identi�ed on D29 were considered potentially successful colonists, regardless of whether they had increasing or decreasing relative abundances.
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Differences between the number of invaders, colonist and potentially successful colonists by experiment were tested using ANOVA and Tukey’s Honest
Signi�cant Difference (HSD) tests with Bonferroni correction.

Results

The in�uence of melt rate
Overall, the differences in gene copy numbers were signi�cant between sample types [Table 1]. Soil and FT samples had signi�cantly more gene copies
than snow samples [Table 1, Fig. S3A]. On average, 4.02 x 101 16S rRNA gene copies were measured per mL of melted snow and signi�cantly changed by
sampling day [Table 1, Fig. S3A]. In soils, the number of gene copies per g of soil decreased during storage but increased again with the start of the
experiment and the addition of water. The number of gene copies was higher in the fast �ow than in the average �ow experiments and the number of gene
copies was consistently higher in the controls than in the treated soils [Table 1, Fig. S3A]. On day 29, all samples returned close to the starting number of
gene copies (D0), potentially indicating the stabilization of the soil community 15 days after the end of the melt. In the �ow-through samples, higher gene
copies were observed in the fast �ow than in the average �ow experiments [Table 1, Fig. S3A]. In contrast with the soil, the number of gene copies in the
�ow-through were higher in the treated than in the control samples. Although results were not signi�cant, this is consistent with the addition of
microorganisms from the melted snow. In all FT samples, the number of gene copies was highest on day 5 and decreased sharply on all other days. This
spike on day 5 was expected as it may re�ect the removal of unattached microorganisms, dead cells and relic DNA from the soil, evacuated with the
addition of water.
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Table 1
Results of the ANOVA tests on gene copy numbers (qPCR), richness and Shannon diversity [75] and results of the adonis tests on Bray-Curtis community

dissimilarity [76, 77]. The experiment column refers to either the different melt rate or soil pH microcosms. The sample type column differentiates between
snow, soil and �ow through (FT). The formula column indicates the parameters used in the models. Type = sample type/Rate = fast or slow/Treatment

(treat) = snow or sterile water input/Day = day of sampling. P = pvalue, asterisk indicates signi�cant differences (Sign). ***, P < 0.001; **, P < 0.01; *, P < 0.05.

      Gene copies (qPCR) Richness Shannon Community
composition

Experiment Sample
type

Formula F p Sign F p Sign F p Sign R2 p Sign

Melt rate all Type F2 − 302=
734

2x10− 

16

*** F2 − 

68=
245

2x10− 16 *** F2 − 

68=
336

2x10− 

16

*** 0.36 0.001 ***

Melt rate snow Day F4 − 9=
15.2

0.0005 *** F4 − 

5=
3.24

0.11   F4 − 

5=
0.96

0.50   0.55 0.004 **

Melt rate soil Rate F2 − 160=
24.7

4.5x10− 

10

*** F3 − 

39=
40

5.51x10− 

12

*** F3 − 

39=
36.1

2.5x10− 

11

*** 0.24 0.001 ***

Melt rate soil Treat F1 − 160=
18

3.7x10− 

5

*** F1 − 

39=
2.62

0.11   F1 − 

39=
1.83

0.18   0.02 0.013 *

Melt rate soil Rate*
Treat

F1 − 160=
3.85

0.052   F1 − 

39=
0.36

0.55   F1 − 

39=
0.81

0.37   0.018 0.05  

Melt rate soil Rate*Day F4 − 

160=3.15
0.016 * F4 − 

39=
0.48

0.75   F4 − 

39=
0.32

0.86   0.06 0.10  

Melt rate soil Treat
*Day

F4 − 

160=1.36
0.25   F4 − 

39=
3.25

0.02 * F4 − 

39=
1.66

0.18   0.05 0.58  

Melt rate soil Rate*
Treat*Day

F4 − 160=
0.63

0.64   F4 − 

39=
1.41

0.25   F4 − 

39=
0.30

0.87   0.04 0.69  

Melt rate FT Rate F1 − 96=
9.96

0.002 ** F1 − 

24=
6.84

0.015 * F1 − 

24=
1.06

0.32   0.05 0.004 **

Melt rate FT Treat F1 − 96=
1.30

0.26   F1 − 

24=
2.73

0.11   F1 − 

24=
1.62

0.22   0.03 0.2  

Melt rate FT Rate*
Treat

F1 − 96=
0.32

0.57   F1 − 

24=
0.09

0.77   F1 − 

24=
0.87

0.36   0.03 0.15  

Melt rate FT Rate*Day F2 − 96=
11.1

4x10− 5 *** F2 − 

24=
17.69

10− 5 *** F2 − 

24=
1.97

0.16   0.08 0.004 **

Melt rate FT Treat*Day F2 − 96=
2.02

0.14   F2 − 

24=
1.60

0.22   F2 − 

24=
0.07

0.94   0.05 0.43  

Melt rate FT Rate*
Treat*Day

F2 − 96=
0.91

0.41   F2 − 

24=
0.42

0.66   F2 − 

24=
0.08

0.92   0.05 0.36  

Soil pH all Type F2 − 472=
161

2x10− 

16

*** F5 − 

108=
22.7

5.7x10− 9 *** F5 − 

108=
240.7

2x10− 

16

*** 0.23 0.001 ***

Soil pH snow Day F4 − 8=
25.3

0.0001 *** F4 − 

5=
0.86

0.55   F4 − 

5=
0.55

0.71   0.48 0.1  
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      Gene copies (qPCR) Richness Shannon Community
composition

Soil pH soil pH F3 − 262=
192

2x10− 

16

*** F3 − 

68=
36.1

4.6x10− 

14

*** F3 − 

68=
32.3

4.4x10− 

13

*** 0.36 0.001 ***

Soil pH soil Treat F1 − 262=
0.78

0.38   F1 − 

68=
10.03

0.002 ** F1 − 

68=
7.90

0.006 ** 0.01 0.01 *

Soil pH soil pH* Treat F2 − 262=
0.37

0.69   F2 − 

68=
8.54

0.0005 *** F2 − 

68=
8.25

0.0006 *** 0.03 0.004 **

Soil pH soil pH*Day F10 − 

262=
3.40

0.0003 *** F9 − 

68=
6.58

1.08x10− 

6

*** F9 − 

68=
4.16

0.0003 *** 0.1 0.001 ***

Soil pH soil Treat*Day F5 − 262=
1.90

0.095   F5 − 

68=
2.36

0.049 * F5 − 

68=
1.04

0.40   0.03 0.38  

Soil pH soil pH*
Treat*Day

F10 − 

262=
2.27

0.015 * F9 − 

68=
0.98

0.46   F9 − 

68=
0.68

0.73   0.04 0.83  

Soil pH FT pH F2 − 144=
7.60

0.0007 *** F2 − 

35=
1.98

0.15   F2 − 

35=
1.73

0.19   0.09 0.001 ***

Soil pH FT Treat F2 − 144=
0.41

0.52   F1 − 

35=
3.34

0.08   F1 − 

35=
3.34

0.08   0.02 0.22  

Soil pH FT pH*Treat F2 − 144=
0.37

0.70   F2 − 

35=
0.20

0.82   F2 − 

35=
0.20

0.82   0.04 0.25  

Soil pH FT pH*Day F4 − 144=
7.63

10− 5 *** F4 − 

35=
1.91

0.13   F4 − 

35=
1.91

0.13   0.08 0.03 *

Soil pH FT Treat*Day F2 − 144=
0.44

0.64   F2 − 

35=
4.57

0.02 * F2 − 

35=
4.57

0.02 * 0.04 0.16  

Soil pH FT pH*
Treat*Day

F4 − 144=
0.35

0.84   F4 − 

35=
5.12

0.002 ** F4 − 

35=
5.12

0.002 ** 0.08 0.12  

Differences in alpha diversity were signi�cant by sample type [Fig. 2A and B, Table 1]. In the snow, differences from the day of �eld sampling until the end
of the experiments were not signi�cant [Fig. 2A and B, Table 1]. In the soils, as with gene copies, there was a decrease in alpha diversity measures with
storage (pre-treated), which increased at the beginning of the experiment with the addition of water [Fig. 2A and B, Table 1]. Alpha diversity was signi�cantly
higher in the average �ow rate. However, there was no signi�cant difference between control and treated samples and the day of sampling had limited
in�uence on soil alpha diversity measures [Fig. 2A and B, Table 1]. In the �ow-through, the number of ASVs was signi�cantly higher in the fast �ow
experiments but decreased with time, highlighting the spike at D5, also observed with gene copy numbers [Fig. 2A and B, Table 1].

Overall, differences in bacterial community composition by sample type were observed using the Bray-Curtis dissimilarity and PCoA [Fig. 3A, Table 1]. Snow
communities changed signi�cantly between the day of �eld sampling and the end of the experiment [Table 1] and were primarily composed of
Proteobacteria, Actinobacteria and Bacteroidetes [Fig. 3B]. Large variations in the composition of FT samples masked the potential variation in soil samples
[Fig. 3A] and therefore, the PCoA of soil communities was assessed separately [Fig. S4]. The soil community on the day of �eld sampling changed with
storage [Fig. 3A, Fig. S4]. Soil communities clustered separately between �ow rates, but as for alpha diversity, controls and treated samples were similar
[Table 1, Fig. S4]. Soil communities were primarily composed of Acidobacteria, Actinobacteria, Bacteroidetes, Chloro�exi, Gemmatimonadetes,
Planctomycetes, Proteobacteria and Verrucomicrobia [Fig. 3B]. The communities identi�ed in the �ow through presented clear variations, primarily
separated by �ow rate and sampling day [Fig. 3A]. All FT samples were dominated by Proteobacteria but differences in communities with �ow rate were
observed. For instance, all fast FT samples had large proportions of Acidobacteria and Bacteroidetes while in the average rate, communities signi�cantly
changed on D14 with the depletion of Acidobacteria [Fig. 3B].

The in�uence of soil pH
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Here, we assessed the in�uence of soil pH on the colonisation potential of snow microorganisms. The results from the average �ow rate were used as the
acidoneutral samples for comparison. As in the melt rate experiments, the differences in gene copy numbers were signi�cant between sample types, with
soil and FT samples harbouring signi�cantly more gene copies than snow samples, which changed signi�cantly by sampling day [Table 1, Fig. S3B]. In
soils, the number of gene copies decreased during storage between the day of �eld sampling (DS) and D-10. After pH manipulation (D-10) and until D0, the
number of gene copies increased in alkaline soils but decreased in acidic soils. During the experiment, the gene copy number remained lowest in acidic and
highest in alkaline soils with no signi�cant differences between controls and treated soils [Table 1, Fig. S3B]. In the �ow-through, higher gene copies were
quanti�ed in the alkaline soils, which also presented the highest variability [Fig. S3B, Table 1]. As observed in the melt rate experiments, the number of gene
copies peaked on D5 and decreased with time.

Differences in alpha diversity were signi�cant by sample type [Fig. 2C and D, Table 1]. In the snow, alpha diversity did not change signi�cantly from the day
of sampling until the end of the experiments [Fig. 2C and D, Table 1]. In the soils, as with gene copies, there was a decrease in alpha diversity measures with
storage (pre-treated). However, alpha diversity changed following pH manipulation showing an increase in alkaline soils and a decrease in acidic soils
[Fig. 2A and B]. During the experiment, both soil pH and snow/water treatment were identi�ed as signi�cant variables in�uenced by the day of sampling
[Table 1]. Interestingly, on day 29, all microcosms harboured similar alpha diversity levels, except the alkaline controls [Fig. 2C and D], suggesting
stabilisation of the communities. In the �ow-through, alpha diversity decreased with time and the interactions between soil pH, treatment and sampling day
were signi�cant [Fig. 2C and D, Table 1].

Overall, differences in bacterial community composition by sample type were observed [Fig. 3C, Table 1]. In the PCoA, the snow samples clustered closely
together, indicating similar communities over time dominated by Proteobacteria and Firmicutes [Fig. 3C, Table 1]. Acidic, acidoneutral and alkaline soil
samples all formed different clusters indicating strong differences in community composition [Fig. 3C]. The horseshoe effect observed in the PCoA re�ects
the pH gradient and highlights the change in community composition across this gradient [78]. This difference in soil community composition was further
observed in Fig. 3D, illustrating the community composition at the phylum level. We observed a shift in community composition during storage but also
after pH manipulation, between D-10 and D0. Acidic communities presented an increase in Acidobacteria and Proteobacteria while an even stronger
increase in Proteobacteria was observed in alkaline communities. The addition of water after the start of the experiments further enhanced this increase in
Proteobacteria [Fig. 3D]. Acidic soil communities were dominated by Acidobacteria and Proteobacteria until it shifted again at D14 and was characterised
by the increase in Actinobacteria, Chloro�exi, Gemmatimonadetes and Verrucomicrobia. Alkaline soil communities were dominated by Proteobacteria and
presented a decrease in Proteobacteria along with an increase in Chloro�exi and Verrucomicrobia after D14 [Fig. 3D]. The shift on D14 might re�ect the
adaptation of the community to the environmental conditions, followed by the stabilisation after the melt. Flow through samples also presented some clear
differences with pH [Fig. 3C and D, Table 1]. Acidic FT were dominated by Actinobacteria, Chloro�exi and Verrucomicrobia, while Proteobacteria and
Verrucomicrobia dominated alkaline FT. In comparison, Verrucomicrobia were almost absent from the acidoneutral FT.

Colonisation potential
To assess whether colonisation of the soil by microorganisms in the snow occurred, only the ASVs identi�ed in the snow, absent from the controls and pre-
treated soils (DS, D-10 and D0) but identi�ed in the soils from D5 were selected for further analysis. Only 16 ASVs ful�lled these conditions and were
considered potential invaders. All were classi�ed as Proteobacteria or Bacteroidetes, primarily Alphaproteobacteria, Betaproteobacteria, Flavobacteriia and
Sphingobacteriia at the class level [Fig. 4 and Table S2]. In some cases, we identi�ed taxa on D20 or D29 that were not previously identi�ed and appeared
new. It is likely that these taxa were previously present but had abundances below the detection threshold.

In the fast �ow experiments, a total of 13 ASVs were identi�ed as invaders depositing in the soils [Fig. 4A and table S2]. Of these 13 invaders, 7 were
identi�ed across multiple days and were considered potential colonists. However, only 2 persisted until D29 suggesting potentially successful colonists. In
the average �ow experiments (acidoneutral experiments), 9 ASVs were identi�ed as invaders [Fig. 4B and table S2]. Of these 9 ASVs, 8 were identi�ed
across multiple days and considered potential colonists. 5 ASVs persisted until D29 and were considered potentially successful colonists. Differences in
invaders, colonists and potentially successful colonists were not statistically signi�cant between �ow rates. In acidic soils, only 5 ASVs were identi�ed as
invaders [Fig. 4C and table S2]. Of these 5 invaders, 4 were identi�ed across multiple days and considered potential colonists; however, only two persisted
until D29. In alkaline soils, 9 ASVs were identi�ed as invaders [Fig. 4D]. Of these 9 invaders, 7 were identi�ed across multiple days and considered potential
colonists but only 1 persisted until D29. Overall, the persistence of taxa until the end of the experiment was highest at the average �ow in acidoneutral soils,
with 5 potentially successful colonisation events. The higher �ow rate increased the number of invaders but the persistence across time decreased. In acidic
soils at the average �ow rate, the number of invaders and persistence with time was much lower. In alkaline soils, the number of invaders was equal to that
observed in acidoneutral soils but persistence with time was strongly reduced. Statistically, the number of invaders and colonists was signi�cantly higher in
acidoneutral soils (ANOVA, p = 0.02 and p = 0.009 respectively), and potentially successful colonists were only marginally more successful (ANOVA, p = 
0.056).

Discussion
In this study, we assessed the in�uence of increased precipitation (via the melt rate) and soil pH on the colonisation potential of snow microorganisms.
Overall, we rejected the �rst hypothesis that increased precipitation (higher �ow rate) would promote successful colonisations due to the higher inoculum
density as well as increased ecosystem disturbance. However, we did con�rm the second hypothesis by observing increased colonisation in acidoneutral
soils compared to acidic and alkaline soils.

In both sets of experiments, the number of gene copies was consistently higher in the control than in the treated soils. This may be a signal of invasion, that
is, species in the controls were not experiencing interactions with outside invaders, did not have to partition resources and could therefore grow to higher
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abundances. This signal of invasion was further observed for the richness and diversity, consistently higher in the treated soils, in line with the addition of
snow microorganisms.

The fast �ow rate increased the input of microorganisms in the system, as would be expected from increased precipitation, and was expected to cause
greater disturbance than the average melt rate. Ecosystem disturbance is considered a key factor for successful colonisation by newly deposited microbial
invaders, with increasing disturbance enhancing the chances of successful colonisation [44, 45]. We expected the addition of water at the higher rate to
disturb soil communities (observed via changes in alpha and beta diversity) and increase the colonisation potential. Instead, the strongest impact on
communities was observed at the average rate. Richness and diversity increased, and the soil community composition shifted away from the composition
on the �rst day of the experiment [Fig. S4]. Furthermore, melted snow has been shown to add nutrients to the ecosystem, resulting in a nutrient pulse of
carbon, nitrogen and phosphorus [26, 39, 40, 79]. As nutrient pulses increase the chances of successful colonisation [41, 80, 81], we expected to observe
differences between the controls and treated samples. Instead, controls and treated soils within each experiment remained similar and only differences
between experiments (average and fast rates) were observed. The shift in communities between average and fast �ow rate suggest physical selection of
microorganisms. For instance, fast growing r-strategists or EPS (extracellular polymeric substances) producing bacteria might be selected in the fast �ow
microcosms to ensure attachment, aggregation and growth in the soil system [82, 83]. Overall, following the increased input of microorganisms, we
observed more invaders but low persistence with time and only two potentially successful colonists. At the average rate, the number of invaders was lower
but persistence with time was increased and �ve potentially successful colonists were identi�ed, suggesting that a slower rate may give more time for
microorganisms to colonise the ecosystem instead of being pushed out of the system by a higher �ow rate.

As pH has previously been identi�ed as a key driver of bacterial community structure in global [14, 16] and in Arctic soils [17], and dispersal is an important
process structuring bacterial communities, the in�uence of soil pH on the colonisation success was investigated. The soil pH appeared to have a stronger
in�uence on soil bacterial communities than �ow rate. Not only were richness and diversity lower than in acidoneutral soils, but community composition
was clearly different, forming 3 distinct clusters in the PCoA. Contrary to the �ow rate experiments, communities between control and treated soils were also
different, showing that the input of snow or sterile water had different consequences, potentially due to the input of nutrients from the snow and the
different bacterial communities in acidic and alkaline soils. Acidic soils contained the lowest number of invaders deposited, as only two were considered
potentially successful colonists. In alkaline soils, as in acidoneutral soils, an equal number of invaders were identi�ed. However, persistence with time was
much lower and only one potentially successful colonist was identi�ed. The low colonisation observed in acidic and alkaline samples and successful
colonisation in acidoneutral soils con�rms the second hypothesis that acidoneutral soils would promote successful colonisations. Furthermore, it suggests
that while the �ow rate is an important parameter in promoting successful colonisation, soil pH may be an even more important factor limiting colonisation.

While stochasticity should be considered, all potentially successful colonists were identi�ed in multiple replicates across different time points within each
experiment, as well as in different experiments [Fig. 4, table S2]. For instance, ASV3 is a colonist at both �ow rates, ASV1 and 4 are colonists of both
acidoneutral and acidic soils while ASV6 colonised acidoneutral and alkaline soils. Therefore, these colonisations are unlikely to be the result of random
events. Overall, the same taxa were repeatedly deposited in soils, suggesting active and selective colonisation of the soil by these taxa. The potentially
successful colonists (Proteobacteria and Bacteroidetes) were primarily classi�ed as r-strategists (as in Fierer et al. [84] and Ho et al. [82]), with high growth
rates and generally considered more likely to successfully colonise [85, 86].

The colonisation and persistence with time observed in acidoneutral soils was in agreement with the consensus that acidoneutral soils may decrease the
adaptative pressure on microbial communities [87, 88]. Arctic acidoneutral soils harbour more generalist taxa [17], generally considered more prone to
dispersal [89–91]. Therefore, the higher successful colonisation of acidoneutral soils further supported the role of dispersal in shaping bacterial
communities in these ecosystems.

On the other hand, the lower number of invading taxa in acidic soils was not surprising considering that most bacterial taxa decrease in abundance with
decreasing pH [55, 92], including the invading taxa Bacteroidetes. Potentially successful colonists of acidic and alkaline soils colonised acidoneutral soils,
however, they did not colonise each other. The low rate of colonisation of acidic and alkaline soils, both generally characterised as harsh [14, 92], may
highlight the need for effective adaptations [93, 94] lacking in the deposited microorganisms. They may also be worse competitors than the indigenous soil
communities, generally dominated by specialist taxa [17] and acclimated to the soil pH. However, in this study, we opted to use the same soil bacterial
community as a baseline to evaluate the colonisation potential. Therefore, we manipulated the soil pH by the addition of aluminium sulphate and calcium
carbonate [65]. While we let the communities acclimatise to the new soil pH, they may be less adapted than indigenous communities in naturally acidic and
alkaline soils. The addition of sulphate coupled with the addition of water could have formed sulphuric acid, especially at lower �ow rates where the soil
was exposed to air. Toxic metals such as manganese, aluminium and arsenic may have been released [95, 96]. On the other hand, calcium carbonate is
used to increase soil pH and reduce the possible toxicity of manganese and aluminium ions [96–98]. In all manipulated pH microcosms, we observed a
shift in bacterial communities following these adjustments (between D-10 and D0). Future studies could repeat these experiments using soils within the
targeted pH range and the associated indigenous communities to establish if the colonisation potential is also lower in these natural systems. It is also
interesting to note that the snow pH was acidoneutral (6.33 ± 0.15) and therefore, snow microorganisms may have already been well adapted for
acidoneutral soil conditions. As snow pH is generally acidoneutral [99–104], this scenario is rather realistic. However, we cannot exclude the possibility that
acidic or alkaline precipitations may promote colonisation in soils within the same pH range.

Overall, local environmental conditions may be more important determinant factors in�uencing the outcome of colonisation than increased precipitation or
faster melt events. Furthermore, we did not observe the inverse relationship between microbial diversity and invasion outcome previously identi�ed or
theorised [18, 19, 49, 105]. Here, more colonisations were observed in the most rich and diverse communities (acidoneutral soils), suggesting that the innate
diversity of indigenous soil communities may not prevent outside colonisations. Instead, only invaders presenting the right adaptations to colonise a free
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niche or outcompete indigenous microorganisms may be able to successfully colonise in the medium to long term. Following the deposition, the invaders
have to adapt, compete for resources and then grow and spread in the ecosystem to colonise [18, 19]. Here, we demonstrated that microorganisms were
successfully deposited but only few taxa had the potential to successfully colonise the soils. After 15 days, the majority had disappeared leading to likely
failed colonisations; however, even failed colonisations may in�uence indigenous microbial communities [50].

Conclusions
This study used the Arctic snowpack as a model system to investigate microbial colonisation of snow bacteria deposited into Arctic soils. First, we tested
the impact of increased precipitation (inoculum density) and the subsequent faster snowmelt rate (ecosystem disturbance) on the colonisation outcome.
We identi�ed more invaders but decreased persistence with time and a lower number of successful colonisation events. We also evaluated the in�uence on
soil pH on this colonisation potential. Here, persistence with time decreased and a lower number of successful colonisation events were recorded in acidic
and alkaline soils compared with acidoneutral soils. Overall, we demonstrated that soil bacterial communities could change signi�cantly with snowmelt
and that microorganisms were successfully deposited in soils following snowmelt events. However, we showed that only few taxa successfully colonised
and established in these soil communities. Results suggest that local soil properties might have a greater in�uence on the colonisation outcome than
increased precipitation or ecosystem disturbance.
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Figures

Figure 1

Microcosm construction. The snow/sterile water was input using a programmable peristaltic dosing pump, through a hole in the falcon tube cap. To allow
in�ltration and evacuation of the excess liquid, a hole was made at the bottom of the tube, covered with a membrane (green) allowing the easy passage of
liquid and cells while retaining the soil in the microcosm system. Snow/sterile water was input every day for 14 days and stopped thereafter; the hole in the
falcon tube cap was covered with autoclaved aluminium to avoid contamination from outside the system.
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Figure 2

Alpha diversity by experiment, treatment, sample type and day of sampling. (A) Observed number of ASVs (Richness) and (B) Diversity with the Shannon
index in different �ow rate experiments. (C) Observed number of ASVs (Richness) and (D) Diversity with the Shannon index in different soil pH experiments.
The shades of yellow correspond to the average and acidoneutral controls (Ctl) and treatments, resulting from the same microcosm.
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Figure 3

PCoA and community composition at the phylum level, by experiment, treatment, sample type and day of sampling. (A) PCoA and (B) Community
composition of �ow rate microcosms. (C) PCoA and (D) Community composition of soil pH microcosms. Pretreatment (PreT) includes the day of �eld
sampling (DS), the day of microcosm set-up (D-10) and D0 for the �ow rate experiment as the soil was not yet treated in any way.
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Figure 4

Heatmap of invaders of (A) the fast �ow, (B) the average �ow/acidoneutral, (C) the acidic and (D) the alkaline experiments where each row corresponds to
an ASV. The coloured bar indicates the taxonomy associated to each ASV at the class level. Blue boxes highlight potentially successful colonists identi�ed
across multiple days and still present on D29. Black bars indicate replicate microcosms.
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