Referee #2

Comments:

1. The authors propose two alternate explanations for the seasonal variations in
INP properties proposed by the authors (Lines 382-393). The first explanation is
that INPs in June may have been released by pollen, fungal spores, or lichen in
terrestrial environments and transported into the seawater by streams. On the
other hand, based on the analysis of the eukaryotic community derived from 18S
rRNA data (Figs. S4, S5, and S8-S11, and Table S1), the authors suggest that
fewer organisms exhibit correlations with INPs active at -10 degree C, and these
correlations are weak (Lines 407-408). | think that there is a discrepancy
between the first explanation and the 18S rRNA data. Why did the authors lead to
the above first explanation?

Thank you very much for this comment. As previous studies have reported a link
between the chlorophyll concentration/ abundance of microalgae and the INP
concentrations we have chosen primers for the 18S rRNA analysis that target primarily
marine microalgae. Thus, the fact that we do not see a correlation between the
community derived from 18S rRNA data and the IN concentrations supports our
conclusion that it is not the marine microalgae producing the INPs. Additionally, based
on the literature available on INPs produced by pollen, fungal spores, or lichen we
would expect a spatial decoupling between the INPs and the eukaryotes as the INPs are
mainly released/excreted and therefore not necessarily found in the same environment.
To clarify these findings, we have made the following changes:

Line 103: “We correlated INP concentrations with chlorophyll a alongside the
assessments of microbial composition, diversity, and abundance to understand
whether INPs are linked to the abundance of specific microbes, indicating either their
indigenous production or acting as tracers for their source environments.”.

Line 220: “Primers TareukFWD1 (5’- CCAGCASCYGCGGTAATTCC-3’) and TAReukREV3
(5’- ACTTTCGTTCTTGATYRA-3’) were used to amplify the V4 region of the small subunit
(18S) ribosomal RNA targeting primarily the marine microalgae (Stoeck et al., 2010).”

Line 321: “Alternatively, the observed correlation between the chlorophyll a
concentration and the INP.o concentration may not imply causality but may be
attributed to the fact that terrestrial runoff simultaneously introduced INPs and
nutrients, thereby enhancing the primary production in the fjords (Arrigo et al., 2017;
Juul-Pedersen et al., 2015; Terhaar et al., 2021). In line with this, external inputs such as
nutrients from terrestrial runoff can change the community composition (Ardyna and
Arrigo, 2020) and stimulate primary production (Juranek, 2022).”

Further, we have made substantial changes to the section 3.4 “Correlation of INP
concentration to environmental variables, microbial abundance, and community
composition”, to clarify the above mentioned comment as well as the comments 2 and
3. Please find the revised version of section 3.4 below:



“We performed gPCR and amplicon sequencing to link the abundance and diversity of
bacteria and microalgae to the types and concentration of various INPs that we
observed in the samples. While the 18S rRNA data aimed to decipher whether the INPs
are linked to specific marine microalgae and thus likely produced indigenously in the
seawater, the 16S rRNA data is used to both identify potential bacterial producers of
INPs associated with phytoplankton blooms and to provide insights into the source
environment of INPs transported from terrestrial environments. Canonical
Correspondence Analysis (CCA) was utilized to determine correlations between
environmental factors (salinity, chlorophyll a), the microbial community compositions,
and the INP concentrations in both SBW and SML samples.

Considering the correlation we observed between the chlorophyll a and the INP
concentration, we employed a community analysis of microalgae to search for potential
indigenous producers of INPs. The microalgal community, as derived from the 18S rRNA
data, is presented in Fig. S6 and Fig. S7. We identified several typical bloom-forming
taxa such as centric diatom Chaetoceros (Biswas, 2022; Booth et al., 2002; Balzano et
al., 2017), dinoflagellate Gyrodinium (Johnsen and Sakshaug, 1993; Hegseth and
Sundfjord, 2008), and green algae Micromonas (Vader et al., 2015; Marquardt et al.,
2016). We found a slight insignificant (p = 0.123) increase in the 18S rRNA gene copy
numbers from June to September (Fig. S8). While the observed alpha diversity was not
significantly different between the different months (Fig. S9), there was a significant
distinction in the composition of the microalgal community (PerMANOVA, p <0.001,
Fig. S10). The CCA analysis shows a correlation of the microalgal community
composition with salinity and chlorophyll a (Fig. S11, Table S1), implying that a
combination of bloom dynamics and terrestrial runoff may have affected the
communities. There was no correlation between the community composition and the
INP.;o concentrations (Table S1). We also investigated the association between specific
microalgal taxa and the concentration of INP.jousing Spearman’s rank correlation
analysis. While 22 taxa significantly correlated with the INP.;, concentration (see
Dataset (Wieber, 2024)) the majority of these taxa was present at low relative
abundances (<0.01 of the total community), none of them was present across samples
collected at different times, and they did not include putative bloom-associated taxa
Chaetoceros, Gyrodinium, or Micromonas. Thus, bloom-associated marine microalgae
do not seem to be plausible producers of the observed INPs.

Further, we used the bacterial community composition to identify potential marine
bacterial producers of INPs and to obtain insights into the source environment of the
observed INPs. The 16S rRNA analysis showed increasing 16S rRNA gene copy numbers
from June to September with a significantly higher alpha diversity of bacteria (observed
and Shannon) in June (Fig. S12). A comparably high microbial alpha diversity as we
observed in June was previously reported for soils adjacent to Kobbefjord and may point
to parts of the community introduced by terrestrial runoff (Santl-Temkiv et al., 2018).
Interestingly, although INPs were concentrated in the SML, bacterial cells did not show
a similar pattern, as the differences in copy numbers and alpha diversity between the
SML and SBW were not significant. The bacterial community (Fig. S13 and Fig. S14) was
dominated by the classes Bacteroidia and Gammaproteobacteria. Throughout all
months, we observed a high abundance of ASV affiliated with the genus Polaribacter,
which was previously found to correlate with the post-bloom and declining stage of the



phytoplanktonic bloom in an Arctic fjord (Feltracco et al., 2021). The principal
component analysis (PCA) together with PerMANOVA demonstrated a significant
difference between the bacterial community composition in June, July, and September
(p<0.001) (Fig. S15). These findings underscore the seasonal differences in the
bacterial community structure with a lower copy number but higher alpha diversity in
June when INP.;o concentrations were highest.

The results of the CCA for the bacterial community are presented in Fig. 6. The bacterial
communities in July and September exhibit a higher degree of similarity between each
other than the community observed in June. Additionally, the analysis demonstrated
similarities between the communities in the two fjords. The Mantel test was
subsequently conducted to assess the correlation between bacterial community
dissimilarities (measured using robust Aitchison distance) and environmental
parameters. We found that the community composition was strongly correlated with
the concentration of INP_yo (r = 0.65, p =0.003). Chlorophyll a was weakly correlated with
the bacterial community composition (r=0.31, p =0.01), implying that the bloom
dynamics had some impact on the community (Table S2). The salinity exhibited a strong
correlation (r=0.67, p = 0.003), emphasizing its influential role in shaping the bacterial
community composition (Table S2). Further, we found a strong negative correlation (r = -
0.81, p <0.001) between salinity and the concentration of INP.1o with significantly lower
salinity but higher concentration of INPs observed in June (Fig. 7a). These correlations
suggest a strong impact of salinity within the observed fjords, both impacting the
bacterial community composition as well as the INP_;, concentrations. The observed
freshening of the sea water can be attributed to freshwater input, which may originate
either from terrestrial runoff or the melting of sea ice. Terrestrial runoff could either
contain INPs produced by terrestrial microorganisms that were introduced into the fjord
system from the same source as the bacteria or it might provide nutrients to marine
microorganisms, thereby enhancing microbial production of ice nucleation active
material in the fjords (Irish et al., 2019; Irish et al., 2017; Meire et al., 2017; Arrigo et al.,
2017). Alternatively, sea ice melt water could be a potential source of INPs, however,
studies that demonstrate the presence of highly active INPs in sea ice are still lacking.

Using CCA we found a co-occurrence between three taxa, Aquaspirillum arcticum,
Colwellia sp., and SUPO05 (sulfur-oxidizing Proteobacteria cluster 05) and a high
concentration of INP_ in the samples (Fig. 6). As confirmed by Spearman correlation,
the co-occurrence was strong between INP.io and the abundance of Aquaspirillum
arcticum (r=0.90, p <0.001) a psychrophilic bacterium found in freshwater Arctic
environments (Butler et al., 1989; Brinkmeyer et al., 2004) and Colwellia sp. (r=0.83, p
<0.001) commonly found in sea ice and polar seas (Brinkmeyer et al., 2004). Further,
we identified a strong correlation between the presence of ~300 bacterial taxa and the
concentration of INP_o (see Dataset (Wieber, 2024)). The most abundant of these
bacterial taxa were affiliated to known marine bacterial groups (e.g. SAR11 Clade la,
Candidatus Aquiluna, Amylibacter...), but were negatively correlated with the INP o,
exluding them as potential INP producers. Among the known INA genera, only
Pseudomonas was found to correlate with the INP.1o. The properties of the highly active
INPs reported in this study differ from what has been previously reported for ice-
nucleating proteins produced by several species of Pseudomonas (Hartmann et al.,



2022a; Hara et al., 2016; Garnham et al., 2011), implying that members of this genus
were not likely the producers of these INPs. As we found several bacterial taxa
correlating with INP_, it is possible that previously unknown INA bacteria, producing
INA compounds different from known bacterial ice-nucleating proteins, could be
responsible for the ice nucleation activity observed. In the environment, it is likely that
the INPs released as exudates (Pummer et al., 2012; Pouleur et al., 1992; Fréhlich-
Nowoisky et al., 2015), such as the ones we found predominant during June, may be
disassociated from their producer both in the original environments and during their
transport to other environments, which may affect the ability to detect both the INP and
its producers simultaneously. Therefore, conclusions based on correlations should in
cases, where INP exudates are involved, be taken with care and would require further
confirmation of putative novel INA microorganisms through cultivation and testing.
Alternatively, INPs and bacterial taxa which correlated with the presence of INPs might
not be their producers but could have been co-transported to the fjords from terrestrial
source environments. This is supported by the significantly positive correlation between
INP.10 and the presence of bacteria typically associated with soil and terrestrial
environments such as Rhodoferax (Lee et al., 2022), Glaciimonas (Zhang et al., 2011),
and Janthibacterium (Chernogor et al., 2022) (see Dataset (Wieber, 2024)) as well as
the correlation between bacterial diversity and INP.,o concentrations (Table S2). Overall,
the bacterial community analysis aligns with the conclusion that terrestrial runoff may
be the key source of the freshwater input and thus low salinities in June. The timely co-
occurrence of high INP concentrations with the post-phytoplanktonic bloom is likely a
spurious correlation as terrestrial runoff may also contain nutrients that could stimulate
the phytoplanktonic bloom (Juranek, 2022). While the previosly presented results
indicate that terrestrial runoff is reposible for the reduced salinity observed in June,
which correlated to high INP concentrations, we included the analysis of stable oxygen
isotopes 880 to exclude the possibility of melting sea ice driving the freshening of the
seawater.

2. The authors propose two alternate explanations for the seasonal variations in
INP properties proposed by the authors (Lines 382-393). On the other hand,
according to explanations related to the analysis of the bacterial community
derived from 16S rRNA data (Figs. S6, S7, S12, and S13, and Table S2), it seems
that certain mechanisms related to the bacterial community are more important
than those related to the eukaryotic community for the seasonal variations in INP
properties. Why did the authors exclude the possible contribution of the
mechanisms related to the bacterial community from the two explanations?

While INPs produced by bacteria are often membrane bound proteins and thus
associated with the cells, the INPs of fungal spores or pollen are often released from the
microorganisms and thus not necessarily found in the same environment. The results
from the filtration experiments show that the observed INPs are smaller than 0.2um in
all samples and thus likely not associated to bacterial cells. Thus, the community
composition is mainly used to get a better understanding of the source environment
which leads to the input of the highly active INPs. It would be possible that, so far



unknown INA bacteria, produce INA compounds that different from known bacterial
ice-nucleating proteins and have properties similar to the eukaryotic INPs. However,
due to the evidence presented in the manuscript it is more likely that the INPs are
released by pollen, fungal spores, or lichen in terrestrial environments and transported
into the seawater by streams.

We have extended and clarified the analysis of the bacterial community composition as
shown in the revised version of section 3.4. Additionally, have made the following
changes:

Line 345: “By further characterizing the INPs, we aimed at understanding how their
properties fit with properties of INA compounds produced by known INA organisms.”

Line 374: “Several studies have shown that while known bacterial ice-nucleating
proteins are membrane-bound (Hartmann et al., 2022b; Roeters et al., 2021; Garnham
et al., 2011) and thus primarily associated with cells, INPs which were washed off
pollen grains and fungal cells are within the size range between 100 and 300 kDa
(Pummer et al., 2012; Pouleur et al., 1992; Frohlich-Nowoisky et al., 2015). Schwidetzky
et al. (2023) showed that fungal INPs comprise cell-free proteinaceous aggregates, with
265 kDa aggregates initiating nucleation at -6.8 °C, while smaller aggregates nucleated
at lower temperatures. Overall, the properties of the INPs observed in June correspond
well with the properties reported for the INA exudates from fungi and pollen and point
towards terrestrial environments as a potential source of INPs transported to the
seawater.”

L407: “The observation that INPs in June are smaller and exhibit distinct responses to
heat treatments compared to those observed later in the summer supports the idea
that they represent distinct types of INPs. We propose two alternative explanations for
the origin of the specific type of INPs observed in June. They could either have been
produced by indigenous microbial processes in the seawater or be transported into
seawater from terrestrial environments by streams. Based on laboratory studies of
known INA organisms, INPs in June may have been released by pollen, fungal spores, or
lichen in terrestrial environments and introduced into the seawater by terrestrial runoff.
Alternatively, INPs could be yet unknown and uncharacterized molecules produced by
marine microorganisms in the late-bloom season. INPs present in July and September
have similar properties reported previously by several studies in marine systems
indicating that indigenous microbial processes during post-bloom period were
responsible for their production. However, INPs observed in July and September could
also emerge due to aging processes modifying properties of INPs introduced in June.
The increase in INP molecular weight could be due to aggregation in the seawater.”



3. [Istrongly suggest that the authors perform additional analyses and discuss the
possible relationship between the variation of the bacterial communities derived
from 16S rRNA data and terrestrial runoff. In particular, the authors should
compare the bacterial communities found in the sea water samples with those
in terrestrial and marine sources, and then evaluate whether the bacterial
communities found in the June sea water samples were indeed characterized by
terrestrial runoff. In addition, the authors should give more detailed explanations
for the reason why the authors focused on the relation between only three taxa
(Aquaspirillum arcticum, Colwellia sp., and SUPO05) and a high concentration of
INPs active at -10 degree C (Lines 431-446) and ignored other taxa.

We have chosen the three taxa (Aquaspirillum arcticum, Colwellia sp., and SUP05) due
to the strong correlation with the INP concentration in the CCA analysis, which leads to
the conclusion that these bacteria might be transported from the same source
environment as the INPs. As discussed in the revised section 3.4 we have extended the
analysis and added a list of all taxa that correlated significantly with the INP-10
concentration, which can be accesses by the following link
(https://doi.org/10.5281/zenodo.14044414, (Wieber, 2024)). We have manually checked
several taxa and those are mainly of terrestrial/freshwater origin. This supports the
conclusion that the INPs are indeed transported from terrestrial environments to the
sea water.

We kindly refer to the revised version of section 3.4, especially in Lines 481-500.

4. Although the authors explain that “we found a strong negative correlation
between salinity and the concentration of INPs active at -10 degree C with
significantly lower salinity but higher concentration of INPs observed in June (Fig.
7a) and these correlations suggest a strong impact of salinity within the observed
fjords, pointing towards terrestrial runoff or melting sea ice as input of freshwater
and potentially INPs (Lines 427-430)”, | doubt if there is a possibility that thisis a
result from the depression of the freezing point caused by salinity. If the authors
believe that a negative correlation between salinity and INP abundance suggests
freshwater input as sources of INPs (Line 25-26), they should provide evidence
that this negative correlation was not caused by the depression of the freezing
point.

Thank you very much for this comment, it is indeed important to consider the freezing
point depression. However, as described in lines 136-146 (“The salt concentration for
each sample was measured using a refractometer (WZ201, Frederiksen scientific,
Denmark) and the freezing curves were corrected for the freezing point depression AT
using the theoretical formula for sodium chloride.....”) we have measured to salt
concentrations for all our samples and corrected the values for the effect of the freezing
point depression. We can therefore exclude that the negative correlation between the
concentration of INPs and the salinity is a result of the freezing point depression.


https://doi.org/10.5281/zenodo.14044414
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