Reviewer #1 (Remarks to the Author):

This paper reports that fungal spores are major sources of particle sodium, with size distributions
and properties that are similar to that from sea salt particles. This is a new finding that will be of
broad interest and certainlyjustifies publication in Nature Communications. Given the importance of
understanding the role of particlesin cloud formation and particles, which impacts climate, this will
definitely influence thinking in the field.

The paper is very well-written and documented, and this reviewer has essentially no substantiative
comments or suggestions to make. A very (!!) minor suggestion is to add to the description of

Supplementary Figure 9 the same description as for Figure 3b, since it is an unusual (but effective)
way to present data.

Reviewer #2 (Remarks to the Author):

The major claim of the paper is that sodium salts present in atmospheric aerosols arise from fungal
spores. Fungal spores represent a salt source that has previously not been reported.

This is a fascinating source. However, the manuscript's assessment of the importance of this finding
is not supported by previous literature or clear explanations. Regarding previous literature, the
abstract states, "Insharp contrast with the assumption that sodium-containing aerosols arise solely
from marine sources,..." This statement is simply not true. Thereis a wealth of papers on non-
marine sources of sodium salts in aerosols.

More problematically, while the observation of salts arises in fungal spores in interesting in its own
right, the manuscript in its present form does not provide anadequate explanation or even
compelling suggestions for how/when/under what circumstances or via what mechanism the salt in
incorporated into some, but not all, spores. If an insightful discussion were included, | would rate
this manuscript much more positively. As written, it is lacking.

A second finding is that spores which contain salt are more hygroscopic thanthose which do not.
While I'm not aware of any previous results on precisely this topic, it is very well known that salts are



deliquescent materials whereasorganic macromolecules and other organic compounds found in
spores are not. So, this result is very obvious.

A minor point -

According to Figure 3, the Na fractionfor fungal spores is estimated to be between0.1 and 1.0(i.e.
nearly any value in the early hours, and laterin the day transitions to an even wider spread in
possible fractions. | may be missing something, but | don't find this result to be a significant finding.

in summary, the authors have one potentially interesting surprising field observation in the Amazon.
However, additional consideration of how this may arise is needed before | could recommend
publication.

Reviewer #3 (Remarks to the Author):

China et al. present new multi-instrument observations of the sodium content of fungal spores in the
Amazon basin, and use those in combination with backward trajectoriesand earth system model
simulations to suggest that the fungal spores are the main source of sodium containing particlesin
the wet season.

The major claims of the paper are as follows:

1. Fungal spores contribute significantly to particle-sodium in the Amazon, contributing at least
30% by number of sodium salt containing particles

2. Sodium-containing fungal spores show higher hygroscopic growth than sodium-free spores
3. Fungal spores account for ~62% of sodium mass during the wet season, according to model
simulations

4, Therefore, the role of fungal spores in cloud formation and salt cycles in the Amazon

deserves further consideration



The claims in the MS are significant and novel. The two closest papers known to me, one from
(partly) the same research group, discuss that 1) K-rich bio-aerosols are seeds for SOA formation, but
the paper does not mention Na-containing particles (Poehlker et al. 2010) and 2) that when spores
rupture at high RH, fungal fragmentsthat contain Na salts are released, but the paper does not
guantify Na-content of the particles nor their contribution to the particle Na-budget over Amazonia
(China et al. 2016).

The results are of interest to others in the community, since they give 1) new insight into Na-budget
of the Amazon from a source that was not considered previously and 2) they add a new line of
thought to the debate on sources of cloud-active particles in Amazon, which is a long-standing
problem.

The results are of interest to the wider field, because this work adds a new aspect to the
understanding of biogeochemical cycles in the Amazon rainforest, and how the forest itself sustains
biogeochemical and hydrological recycling. Especially the role of fungal spores therein is one that
has not received much attentionso far, and this work is likely to start a further debate on this topic.

The MS is clearly structured and generally convincing, but | think it could profit from some further
clarifications:

1. Since | am not familiar with the instruments that are used, | cannot judge the quality of the
experimental work. However, | think the MS would benefit from a short explanation of the sampling
procedure: are all coarse particles identified that were sampled? How is it determined that a particle
is a fungal spore and not another kind of PBA (e.g. bacterium or pollen)? Is this done based on size,
morphology or otherwise? A brief description could be added, for instance in L107.

2. The estimate of the contribution of spores to the Na-budget, depends on two factors which
are very uncertain: local emissions of fungal spores and transport of sea salt aerosol into the
Amazon basin. | think the fungal spores emissions are constrained reasonably well by the
observations of their concentration, which the model seems to underestimate somewhat. However,
if global emission estimatesof sea salt span 2 orders of magnitude, how reliable is the estimate of
sea salt aerosol transported into the Amazon basin, with no direct observations available for
validation? Can the authors provide an estimate of the uncertaintyin the sea salt contribution to the
particle sodium budget? This could provide a bit more context to the number of 62% of total sodium
mass that is now assigned to fungal spores.

Minor comments:

- Title: Since the main finding is that fungal spores contribute significantly to sodium salt
particles, why not mention this in the title, for instance: ‘Fungal spores as source of sodium salt
particles in the Amazon basin’



- L29-30: pls add that this is the case for the wet season

- In L52-53, you state that marine aerosol is considered the main source of coarse aerosol,
whereas in L213 you state that fungal spores dominate the coarse mode. It would be good to clarify
what is actually meant by dominate: mass, number? And to briefly include the evidence for the
statementin L213.

- L107: how many particles were sampled and how was it ascertained that they are
representative for the wet-season coarse aerosol? And how was a particle identified as a fungal
spore? Was every collected particle in the sampling periods in Supp. Table 2 classified?

- L180: since the back trajectoriesand rain records are based on reanalysis data, | would not
refer to them by ‘observations’ here, but rather by ‘simulations’

- L190-191: could you clarify here where the percentagesof 70 and 13% for sodium rich-
spores and spore sodium mass, respectively, are based on?

- L208-209: how would nighttime emissions or a shallow nocturnal boundary layer explain
that the Na fraction from spores drops only after noon, and not in the early morning at the onset of

turbulence? Besides, the violin plots in figure 3 seem to show bimodal distributions for the Na
fraction from fungal spores for each time of the day. What is the reason for that?

- L217: ‘a major fractionto the sodium budget’: please add here that this is for the wet season

- L533-534: which size distribution was assumed for the spores? Within the range of the
model coarse mode (1-10 micron), the assumed size can make large differences for the efficiency of
the wet and dry removal

- Supp. Fig. 9: It seems that the same violin plot is show twice: the plot looks very similar to
thatin Fig. 3 and the title says ‘wet season’ while the figure is for the dry season. Please include the
right plot for the right season.

Technical corrections/suggestions:
- L32: pls remove ‘we’

- L50: similar to concentration of marine air -> similar to concentrations of coarse mode
particles in marine air

- L57: has -> have and is -> are

- L94: modeling studies -> model simulations

- L94: ‘potential contributions of spores’: contributions to what?
- Fig. 1, caption: representative is misspelled

- Supp. Table 1: Samples 3A and 3B have an end time prior to the start time



Supp. Fig.3: C/Na -> Cl/Na



We appreciate the reviewers’ comments and suggestions; they provided positive and constructive
feedback. The reviewers pointed out several important issues that we believe addressing will
indeed strengthen the manuscript.

In the following discussion, the reviewers’comments are in black-colored font, our responses are
in blue-colored font, and changes in the manuscript are noted by italics blue-colored font.

Reviewer #1 (Remarks to the Author):

This paper reports that fungal spores are major sources of particle sodium, with size distributions
and properties that are similar to that from sea salt particles. This is a new finding that will be of
broad interest and certainly justifies publication in Nature Communications. Given the
importance of understanding the role of particles in cloud formation and particles, which impacts
climate, this will definitely influence thinking in the field.

The paper is very well-written and documented, and this reviewer has essentially no
substantiative comments or suggestions to make. A very (!!) minor suggestion is to add to the
description of Supplementary Figure 9 the same description as for Figure 3b, since it is an
unusual (but effective) way to present data.

We appreciate the positive response of the reviewer regarding the novelty and importance of the
findings reported in the manuscript and for recommending the manuscript for publication. As
suggested, we added more detailed description of Supplementary Figure 9 in the caption.

“White dots represent the median, thick lines represent 25-75 percentile, and thin vertical lines
represent the range of minimum-to-maximum values; violin plot represents a kernel density
distribution of the sodium fraction values. Background shading indicates time of day, blue
represents night [1800-0600] and yellow represents day [0600-1800].”

Reviewer #2 (Remarks to the Author):

1. The major claim of the paper is that sodium salts present in atmospheric aerosols arise from
fungal spores. Fungal spores represent a salt source that has previously not been reported.
This is a fascinating source. However, the manuscript's assessment of the importance of this
finding is not supported by previous literature or clear explanations. Regarding previous
literature, the abstract states, "In sharp contrast with the assumption that sodium-containing
aerosols arise solely from marine sources,..." This statement is simply not true. There is a wealth
of papers on non-marine sources of sodium salts in aerosols.

We agree that fungal spores are a fascinating source of sodium salt particles in Amazonia.
Sodium content in atmospheric aerosol is primarily attributed to sea water, especially the coarse
mode particles. However, as the reviewer pointed out, there are also non-marine sources of
sodium salts in atmospheric aerosols. For example, Ooki et al' observed the existence of
anthropogenic sodium in fine mode aerosol particles in urban air. Ooki et al' suggested
potassium as a tracer for anthropogenic sodium. Mamane® found presence of sodium and
potassium in submicron particles from waste incinerators emissions. Another study conducted in



the metropolitan area of Sio Paulo by Bourotte et al.’ found K/Na ratio of 1.4 and 0.9 for coarse
and fine particles respectively and they attributed this particles to waste incineration and
vehicles. Most of these studies show the presence of sodium in fine mode and suggest potassium
as a tracer for anthropogenic sodium. Observations of our study are fundamentally different.
First, our study focuses on coarse mode particles. Second, the potassium observed in our study
mostly originates from biological particles®, especially during the wet season when biomass
burning is not a dominant source in the basin.

To clarify these details, we modified the sentence and the manuscript (as suggested by Reviewer
3) to reflect that our main finding is that fungal spores contribute to sodium salt particles in the
Amazon basin.

“In contrast to the common assumption that sodium-containing aerosols are primarily arise
from marine sources, our results suggest that locally-emitted fungal spores containing sodium
contribute substantially to the number and mass of coarse particles containing Na and CI
(similar to sea salt).”

We adopted the title proposed by reviewer 3.

“Fungal spores as a source of sodium salt particles in the Amazon basin”

2. More problematically, while the observation of salts arises in fungal spores in interesting in its
own right, the manuscript in its present form does not provide an adequate explanation or even
compelling suggestions for how/when/under what circumstances or via what mechanism the salt
in incorporated into some, but not all, spores. If an insightful discussion were included, I would
rate this manuscript much more positively. As written, it is lacking.

In the original manuscript we provided basic information (lines: 167-172) regarding the nature
for sodium content in fungal spores. To address the reviewers concerns, in the revised
manuscript we provided more detailed discussion on this topic.

The following text was added in the revised manuscript (lines: 172-190).

“The presence of sodium is common in so called halophilic fungi which cannot grow without
NaCP. Active discharge, uptake, and efflux processes are likely responsible for the sodium
content in the spores and sodium content may vary with different classes and genera of fungi.
During active discharge, fungi forcibly eject spores into the atmosphere, together with osmotic
fluid containing hexoses, mannitol, phosphate, sodium, and potassium®®. Fungi require K* for
electrical and osmotic equilibria of the cells and presence of K in several fungal spores is well
understood’ . Previous studies suggested that K can be partially replaced by Na* and Na* can
enhance the growth of fungi® and plants’ under K= deficiency conditions. The growth of fungi
and uptake of Na' varies with their physiological conditions and uptake rates depend on the
species and their genes'’. For example, specific genes (e.g., acul and acu2) are responsible for
high-affinity Na"= uptake of Ustilago maydis. When fungi contain excess Na', they activate Na' -
efflux ATPase (Adenosinetriphosphatase), which acts as a key enzyme for the biological
evolution of fungi'!. We suggest that uptake and efflux of Na* varies with different classes and
genera of fungal community. For example, previous studies in Amazonia shows several genera
(e.g., Agaricus;, Amanita; Aspergillus; Boletus; Cladonia; Mortierella; Puccinia, Lepsita; and
Rhizopus) within one class of fungi (Lecanonomycetes)'>">. Furthermore, the transpiration of
plants™ and nutrient uptake” can also influence the sodium content of spores. Further studies



are needed to better comprehend the sodium content in fungal spores by linking chemical
composition, molecular biology and diversity of fungal spores.”

3. A second finding is that spores which contain salt are more hygroscopic than those which do
not. While I'm not aware of any previous results on precisely this topic, it is very well known
that salts are deliquescent materials whereas organic macromolecules and other organic
compounds found in spores are not. So, this result is very obvious.

Indeed, it is expected that sodium-containing spores are more hygroscopic that those without
sodium. Even if the growth factors are similar for sodium chloride particles and sodium
containing spores, it is interesting to note that growth factors of NaCl and sodium-containing
spores are different at relative humidity between 70 and 96%. Notably, variations in the
hygroscopicity are associated with variations in the chemistry of these spores. We believe this
finding is important and worth discussing in the manuscript.

A minor point —

4. According to Figure 3, the Na fraction for fungal spores is estimated to be between 0.1 and 1.0
(i.e. nearly any value in the early hours, and later in the day transitions to an even wider spread in
possible fractions. I may be missing something, but I don't find this result to be a significant
finding.

We believe Figure 3b provides important contextual information to help readers understand the
temporal variability in the simulated fungal spore contribution to sodium, near the measurement
site. Considering the high temporal variability of aerosol particle concentrations, including the
simulated sea salt and fungal spores in this study (Supplementary Figure 11), it is not surprising
that the relative contribution of fungal spores to total sodium mass spans a wide range of values.
Figure 3b shows that from midnight to noon, the wet season median contribution of fungal
spores to Na ranges from about 0.5 to 0.6. This implies that fungal spores are the dominant
contributors of Na on the majority of days at these times. By contrast, from 3 pm to 9 pm,
however, the median ranges from 0.15 to 0.3, and the dry season median fungal spore fraction
ranges between only about 0.1 and 0.2 (Supplementary Figure 11). In other words, the model
helps contextualize the limited number of observations, by identifying the circumstances under
which the fungal spores are predicted to contribute the majority to simulated boundary-layer Na
at the site: specifically, during the late night and early morning hours of the wet season.

5. In summary, the authors have one potentially interesting surprising field observation in the
Amazon. However, additional consideration of how this may arise is needed before I could
recommend publication.

We appreciate the comments and suggestions provided by the reviewer. As outlined in the
response to the comments 2, in the revised manuscript we expanded the discussion substantially
regarding the presence of sodium in fungal spores. In addition, the observation of sodium in
fungal spores is on samples from a range of different days.



Reviewer #3 (Remarks to the Author):

China et al. present new multi-instrument observations of the sodium content of fungal spores in
the Amazon basin, and use those in combination with backward trajectories and earth system
model simulations to suggest that the fungal spores are the main source of sodium containing
particles in the wet season.

The major claims of the paper are as follows:

1. Fungal spores contribute significantly to particle-sodium in the Amazon, contributing at least
30% by number of sodium salt containing particles

2. Sodium-containing fungal spores show higher hygroscopic growth than sodium-free spores
3. Fungal spores account for ~62% of sodium mass during the wet season, according to model
simulations

4. Therefore, the role of fungal spores in cloud formation and salt cycles in the Amazon deserves
further consideration

The claims in the MS are significant and novel. The two closest papers known to me, one from
(partly) the same research group, discuss that 1) K-rich bio-aerosols are seeds for SOA
formation, but the paper does not mention Na-containing particles (Poehlker et al. 2010) and 2)
that when spores rupture at high RH, fungal fragments that contain Na salts are released, but the
paper does not quantify Na-content of the particles nor their contribution to the particle Na-
budget over Amazonia (China et al. 2016).

The results are of interest to others in the community, since they give 1) new insight into Na-
budget of the Amazon from a source that was not considered previously and 2) they add a new
line of thought to the debate on sources of cloud-active particles in Amazon, which is a long-
standing problem.

The results are of interest to the wider field, because this work adds a new aspect to the
understanding of biogeochemical cycles in the Amazon rainforest, and how the forest itself
sustains biogeochemical and hydrological recycling. Especially the role of fungal spores therein
is one that has not received much attention so far, and this work is likely to start a further debate
on this topic.

We appreciate the reviewers’ careful reading of our manuscript and providing us positive
feedbacks.

The MS is clearly structured and generally convincing, but I think it could profit from some
further clarifications:

1) Since I am not familiar with the instruments that are used, I cannot judge the quality of the
experimental work. However, I think the MS would benefit from a short explanation of the
sampling procedure: are all coarse particles identified that were sampled? How is it determined
that a particle is a fungal spore and not another kind of PBA (e.g. bacterium or pollen)? Is this
done based on size, morphology or otherwise? A brief description could be added, for instance in
L107.

Initially, due to space constraints, we couldn’t provide details on the methods used for
identifying the fungal spores in the manuscript. Typically fungal spores are 1-6um, while pollen



grains are larger in size (5—150 pum), bacteria are smaller (<lum) and typically elongated in
shape. As we selected only impactor stages 4 and 5 (aerodynamic diameter range: 1.0-3.2 um)
for this study, the fraction of bacteria and pollen is almost negligible. We also refer to our
previous publication (China et al., 2016) where we described identification of fungal spores.

To address reviewer’s comment, we moved portion of text from the methods section to the main
manuscript and provided additional explanations (lines: 108-112)

“The fraction of fungal spores was quantified based on their unique characteristic morphologies
(spherical, rod-like or spheroidal in shape), size (1-6 um), and chemical composition (mostly
carbonaceous and containing phosphorous) by electron microscopy imaging and X-ray
microanalysis of over 3500 individual particles. Details of the fungal spore identification method
are provided elsewhere'®.”

We added the following text in the method section (lines: 529-534):

“The computer-controlled CCSEM/EDX analysis automatically investigates the specified
scanning area and detects particles in the specified fields of view. In this way, we can detect
~90% of the particles deposited on the grid. Particles collected on the edges (~5-10%) of the Cu
mesh were excluded from the results based on their high Cu background signal. We analyzed
~80% of the particles that were collected onto TEM B-film grids placed on stages 4 and 5 of the

impactor.”

2. The estimate of the contribution of spores to the Na-budget, depends on two factors which are
very uncertain: local emissions of fungal spores and transport of sea salt aerosol into the Amazon
basin. I think the fungal spores emissions are constrained reasonably well by the observations of
their concentration, which the model seems to underestimate somewhat. However, if global
emission estimates of sea salt span 2 orders of magnitude, how reliable is the estimate of sea salt
aerosol transported into the Amazon basin, with no direct observations available for validation?
Can the authors provide an estimate of the uncertainty in the sea salt contribution to the particle
sodium budget? This could provide a bit more context to the number of 62% of total sodium
mass that is now assigned to fungal spores.

The reviewer is correct that the model emission estimates of the sea salt are uncertain.

To address this, we compared model estimates of atmospheric sea salt concentration with
observed values at few coastal and remote island sites to investigate the fidelity of the model
estimates of sodium from sea-salt. We have added a scatterplot comparing observed sodium
mass concentration with model-simulated mass sodium mass concentration from sea-salt,
together with a global map (Supplementary figure 9) of measurement sites.

We added the comparison of model-simulated and measured sodium mass (Supplementary figure
10) and added the following text.
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excluded sites in the measurement network that sampled aerosol only for certain wind directions
(sectored sampling). The solid line represents the 1:1 line, and the dashed lines represent an
over-or under-estimate of a factor of two (2:1 and 1:2).

“Comparison between model-estimated and measured sodium mass concentrations from sea salt
emissions from various geographical locations at the coastal and island sites (Supplementary
Figure 9) are illustrated in Supplementary Figure 10. The model estimates of sodium mass
concentrations are approximately a factor of two higher than observations at many of the
measurement sites, the measurements used in this analysis were all collected at coastal and
island locations in the Southern hemisphere, between 20 and 70 S. It is interesting to note that
measurements at the remote sites (e.g., Antarctica) are in good agreement with the estimated
mass.

“We calculate approximate upper and lower bounds for the fungal spore contribution to the total
sodium mass by varying fungal spore mass concentrations by a factor of ten and sea salt mass
concentrations by a factor of two. On average, fungal spores are estimated to contribute 69%
(31-95%) of sodium during the wet season. However, the level of confidence in fungal spore
estimates is arguably higher for the Amazon, since the emissions parameterization was
originally developed based primarily on measurements from the Amazon and other tropical
rainforests, and simulated fungal spore number concentrations agree with measurements at the
Amazonia site within a factor of two. Assuming a factor of two uncertainty bounds for fungal
spore concentrations, their estimated contribution to sodium mass would range between 51-

84%.”

We would also like to note that the sodium mass fraction in sea salt in the original manuscript
was underestimated. The sodium mass has been corrected (30% sodium in sea-salt)*’ and all
values recalculated. The revised model estimate of fungal spore contribution to the total sodium
mass is 69% during wet season.

Minor comments:

1. Title: Since the main finding is that fungal spores contribute significantly to sodium salt
particles, why not mention this in the title, for instance: ‘Fungal spores as source of sodium salt
particles in the Amazon basin’
Based upon the reviewer’s suggestion the title is changed to

“Fungal spores as a source of sodium salt particles in the Amazon basin”

2. L29-30: pls add that this is the case for the wet season

We modified the sentence to clarify that the finding is valid for wet season.

“.we show that fungal spores emitted by the forest biosphere contribute to at least 30% (by
number) of sodium salt particles observed in the central Amazon basin during the wet season.”

3. In L52-53, you state that marine aerosol is considered the main source of coarse aerosol,
whereas in L213 you state that fungal spores dominate the coarse mode. It would be good to



clarify what is actually meant by dominate: mass, number? And to briefly include the evidence
for the statement in L213.

When we state that marine aerosol is considered the main source of coarse aerosol, we meant this
was a common assumption, in contrast to our measurements. We meant that fungal spores
dominate the coarse mode by number in below-canopy air, and at night, based on our
microscopy observations. Fractions of fungal spores are provided in lines 113-116:

“During sampling, the number fraction of fungal spores was higher below the canopy (~60%)
than above the canopy (~38%) and higher during night (~52%) than day (~37%).” Figure 1b
demonstrate the number fraction of Na-rich particles.

We modified the sentence as follows (lines: 254-255).

“Overall, fungal spores dominated the number fraction of coarse particles in the Amazonia
during nighttime and in below-canopy samples, and half of the coarse particles are sodium-
rich.”

4. L107: how many particles were sampled and how was it ascertained that they are
representative for the wet-season coarse aerosol? And how was a particle identified as a fungal
spore? Was every collected particle in the sampling periods in Supp. Table 2 classified?

As explained in the reply to the comment 4, we added the information of total number of
particles in the main text (line: 111).

“The fraction of fungal spores was quantified .....by electron microscopy imaging and X-ray
microanalysis of over 3500 individual particles.”

Approximately 80% of the particles that were collected in the sampling period mentioned in the
SI Table 2 were classified (see detailed reply in comment 1). We added the number of particles
analyzed per sample in the supplementary table. We sampled particles for different durations
(~2.5-8 hours) with varying duty cycles to get representative samples both during day- and night-
time. We also performed back-trajectory analysis throughout the wet season and overall transport
is similar to the transport pattern of airmass that was sampled during our sampling time. In
addition, to better understand the representativeness of the analyzed particles with respect to the
total particle population, we performed statistical analysis (applying binomial distribution)*' to
estimate the particle sample size of the particle population with given confidence interval (99%)
and margin of error. We revised supplementary table 1 to reflect that samples particles are
representative of the particle population with 99% confidence interval, and added the margin of
error during each of the sampling periods.

As explained in the reply to the comment 1, we have provided additional text (lines: 108-112) in
the main manuscript explaining the methods used for identification of fungal spores.

5. L180: since the back trajectories and rain records are based on reanalysis data, I would not
refer to them by ‘observations’ here, but rather by ‘simulations’

We changed the sentence to make it clear.

“Hence, these findings support the dominance of locally-emitted spores in the Amazon basin
during this study.”

6. L190-191: could you clarify here where the percentages of 70 and 13% for sodium rich-spores
and spore sodium mass, respectively, are based on?



We added the following sentences in the revised manuscript to clarify our results (lines: 536-
540)

“The percentage of sodium content in fungal spores was estimated using the known mass
fraction of spores™ and carbon/sodium wt% from X-ray microanalysis. Carbon content in spores
ranges from 42-66%, with an average of 51%”. The average carbon/sodium wt% in fungal
spores is 4:1. The mass of the spores is estimated from the size distribution of microscopy
analysis and assuming a density of 1 gm cm™)***.”

Our estimation of 70% represents an upper bound. In the revised manuscript we provide a
sensitivity analysis where we use different fractions (e.g., 30% and 50%) of sodium-containing
fungal spores estimated from the samples. We add a modeled time series plot of sodium mass
contributed by fungal spores assuming 30% and 50% sodium-rich spores in the sample
(Supplementary Figure 13). We added few lines (242-245) to present this sensitivity analysis.

“We performed a sensitivity analysis by assuming either 30% or 50% of fungal spores to be
sodium-rich. When applying these different assumptions to the model simulations, fungal spores
account for 58% (21-90%) or 65% (27-93%) of the total simulated sodium mass during the wet
season (Supplementary Fig. 13).”

30% sodium-rich spores 50% sodium-rich spores
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7. L208-209: how would nighttime emissions or a shallow nocturnal boundary layer explain that
the Na fraction from spores drops only after noon, and not in the early morning at the onset of
turbulence? Besides, the violin plots in figure 3 seem to show bimodal distributions for the Na
fraction from fungal spores for each time of the day. What is the reason for that?

We suggest that there may be residual particles from the night time emissions that can contribute
to the sodium fraction from fungal spores beyond the onset turbulence. It is also possible that
high relative humidity throughout the day may be responsible for the higher fraction of fungal
spores in the late morning. We added the following senescence in the manuscript.

“This may be the combined result of diurnal cycles in emissions, boundary-layer dynamics, and
removal processes (e.g., precipitation).”

The bimodal distribution of the fractional contribution (as seen on the violin plots) is a reflection
of the strong variability in simulated sea salt mass concentrations at the site. As a consequence
of this variability, most of the time, simulated values of sea salt sodium mass are either much
greater or much less than fungal spore sodium mass. Since fractional contributions are presented
here, the values cluster in the upper and lower portions of the range 0-1.

8. L217: ‘a major fraction to the sodium budget’: please add here that this is for the wet season
We clarified that the statement is for the wet season.

“Remarkably, our experimental and modeling results demonstrate that fungal spores emitted
from the rainforest biosphere contribute a major fraction to the sodium budget during wet

i3

season...

9. L533-534: which size distribution was assumed for the spores? Within the range of the model
coarse mode (1-10 micron), the assumed size can make large differences for the efficiency of the
wet and dry removal

We added the following lines to clarify the size distribution used in the model.

“Upon emission both fungal spore mass and coarse mode number are increased, with the mass-
to-number ratio for emissions determined by assuming that fungal spores have 4 um diameter
upon emission. The model’s coarse mode particle number concentration also includes number
contributions from other aerosol species, which are treated as internally mixed within the coarse
mode, and the particle diameter is calculated dynamically by the aerosol microphysics routines
from the total coarse mode aerosol mass and number, and a fixed geometric width.”

10. Supp. Fig. 9: It seems that the same violin plot is show twice: the plot looks very similar to
that in Fig. 3 and the title says ‘wet season’ while the figure is for the dry season. Please include
the right plot for the right season.

By mistake we placed the wet season plot. We incorporated the correct dry season plot in the
revised manuscript.

11. Technical corrections/suggestions:- L32: pls remove ‘we’
Done.
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12. L50: similar to concentration of marine air -> similar to concentrations of coarse mode
particles in marine air
Corrected.

13. L57: has -> have and is -> are
Corrected.

14. L94: modeling studies -> model simulations
Done.

15. L94: ‘potential contributions of spores’: contributions to what?

16. Fig. 1, caption: representative is misspelled
Corrected.

17. Supp. Table 1: Samples 3A and 3B have an end time prior to the start time
Corrected

18. Supp. Fig. 3: C/Na -> Cl/Na
Corrected.
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Reviewer #2 (Remarks to the Author):

As | pointed out in my initial review, there are many non-marine sources of sodium salts, which the
manuscript failed to discuss. It is frustrating to me that the authors acknowledge this fact in their
response and yet refuse to improve the text accordingly. A number of relevant references are
missing. In fact, the authors discuss a number of these in their rebuttal but don’tinclude them in the
revised text. | find the manuscript seriously lacking in this regard. Itis a serious problem in the
discussion and introduction. It would seem that the authors are concerned that once the proper
references are cited, the novelty of their manuscript will fall beneaththe high standards of Nature.
Additionally, failure toacknowledge and discuss Na sources is a weakness in the estimates of how
much salt in the Amazon comes from marine sources. | appreciate the effort in revising and adding
the modeled estimates of sources. However, that section is very simplistic and | question the merit
of conclusions drawnfrom it.

Also, the authors state in their response that other Na sources in aerosol are “completely

different” because they are small sized aerosols, whereas fungal spores are in the coarse mode. This
statement is contradictory to the discussion in the manuscript text that describes the bursting of
fungal spores and generation of smaller aerosol as a major reason that fungal spores have climatic
relevance.

What is known in the literature about the concentration of NaCl in spores? | suspect that a lot more
work has been conducted that is not cited here.

The experimental details are sparse. My concern that the highly variable present of salt may simply
be a function of operator error (and the occasional contamination of some samples through contain
with human skin or contaminated (or re-used) laboratory gloves. | note that another reviewer
requested additional details, and the authors chose not to include them, but rather to refer readers
to a previous manuscript. | appreciate the limitation of space, but this does not help to eleviate my
concern that the experimental results are artifactsrather than new findings.

Reviewer #3 (Remarks to the Author):

The authors have appropriately addressed the comments of me and the other tworeviewers. | only
have one (very minor) comment on the revised version of the MS: in the main text (lines 236-256),
the authors discuss the uncertainty in the 69% contribution of fungal spores to sodium mass, due to
assumptions on spore sodium content and sea salt contribution. | would like to see this uncertainty
reflectedin the number thatis given in the abstract, so could you please indicate the uncertainty
range there (line 36)?



My recommendation is therefore to publish the paper after this minor revision.



We thank the reviewers’ for their comments and suggestions. In the following discussion, the
reviewers’ comments are in black-colored font, our responses are in blue-colored font, and changes
in the manuscript are noted by italics blue-colored font.

Reviewer #2 (Remarks to the Author):

As | pointed out in my initial review, there are many non-marine sources of sodium salts, which
the manuscript failed to discuss. It is frustrating to me that the authors acknowledge this fact in
their response and yet refuse to improve the text accordingly. A number of relevant references are
missing. In fact, the authors discuss a number of these in their rebuttal but don’t include them in
the revised text. | find the manuscript seriously lacking in this regard. It is a serious problem in the
discussion and introduction. It would seem that the authors are concerned that once the proper
references are cited, the novelty of their manuscript will fall beneath the high standards of Nature.
Additionally, failure to acknowledge and discuss Na sources is a weakness in the estimates of how
much salt in the Amazon comes from marine sources. | appreciate the effort in revising and adding
the modeled estimates of sources. However, that section is very simplistic and | question the merit
of conclusions drawn from it. Also, the authors state in their response that other Na sources in
aerosol are “completely different” because they are small sized aerosols, whereas fungal spores
are in the coarse mode. This statement is contradictory to the discussion in the manuscript text that
describes the bursting of fungal spores and generation of smaller aerosol as a major reason that
fungal spores have climatic relevance. What is known in the literature about the concentration of
NaCl in spores? | suspect that a lot more work has been conducted that is not cited here.

In response to the reviewer’s request, we added relevant text in the introduction as noted below
(lines: 58-68). Regarding the bursting of fungal spores and generation of smaller particles, we
suggest that total contribution of sodium budget from fungal spores can be even lager because we
did not take into account the smaller particles in this study. This study focuses solely on the coarse
mode particles and investigates samples from stages 4 and 5 (size range: 1.0-3.2 um) where the
relative abundance of biological particles is high.

“This study shows locally emitted fungal spores of coarse super-micrometer size contribute
considerably to sodium salt particles in the Amazon basin during wet season. While previous
studies reported non-marine sources of sodium salts in fine particles, sodium-containing coarse
particles have been attributed almost exclusively to sea-salt. Specifically, Ooki et al* observed the
existence of anthropogenic sodium in fine mode (<1.1 um) aerosol particles in urban air. Ooki et
al' suggested potassium as a tracer for anthropogenic sodium in submicron size (0.43pm)
particles. Mamane? found presence of sodium and potassium in <1 pm particles from waste
incinerators emissions. Another study conducted in the metropolitan area of Sdo Paulo found K/Na
ratio of 1.4 and 0.9 for coarse (>2.5 um) and fine (<2.5um) particles respectively and they
attributed this particles to waste incineration and vehicles®.”

We added the following text in the discussion (lines: 268-273)



“Previous studies in different atmospheric environment show the presence of sodium in fine mode
and suggest potassium as a tracer for anthropogenic sodium!®. Observations of our study are
fundamentally different. First, our study focuses on the coarse mode particles. Second, the
potassium observed in our study mostly originates from biological particles® confirmed by their
unique and distinguishable morphology. Those particles were especially abundant during the wet
season when biomass burning is not a dominant source of particles in the basin. ”

The experimental details are sparse. My concern that the highly variable present of salt may simply
be a function of operator error (and the occasional contamination of some samples through contain
with human skin or contaminated (or re-used) laboratory gloves. | note that another reviewer
requested additional details, and the authors chose not to include them, but rather to refer readers
to a previous manuscript. | appreciate the limitation of space, but this does not help to eleviate my
concern that the experimental results are artifacts rather than new findings.

As we discussed in our revised manuscript, we suggest that variable present of sodium content
may depend on different classes and genera of fungi. Sample collection and experiments were
conducted with cautions. In our previous revised version as requested by the reviewer 3, we
provided details of the method (please see the notes of the reviewer 3 who found our arguments
convincing). To elaborate more on this note, we added the following text in the method section of
the revised manuscript.

“All the experiments were performed with diligently. Samples were handled with caution. For
examples, tweezers were cleaned with solvents prior to handling the samples; new gloves were
used for handling of samples after each experiments.”

Reviewer #3 (Remarks to the Author):

The authors have appropriately addressed the comments of me and the other two reviewers. | only
have one (very minor) comment on the revised version of the MS: in the main text (lines 236-256),
the authors discuss the uncertainty in the 69% contribution of fungal spores to sodium mass, due
to assumptions on spore sodium content and sea salt contribution. 1 would like to see this
uncertainty reflected in the number that is given in the abstract, so could you please indicate the
uncertainty range there (line 36)?

My recommendation is therefore to publish the paper after this minor revision.
As suggested, we provided the uncertainty range in the abstract as well.

“Modeling results suggest that fungal spores account for ~69% (31-95%) of the total sodium mass
during the wet season and that their fractional contribution increases during nighttime.”
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Salt containing aerosols play important roles in atmospheric chemistry and cloud formation,
hence understanding and observationally constraining their sources and processes are vital.
In the Amazon basin, particles containing mixed sodium salts are routinely observed and
attributed to marine aerosols transported from the Atlantic Ocean. Here, using detailed
chemical imaging analysis, we show that fungal spores emitted by the forest biosphere
(Primary Biogenic Aerosol Particles) contribute to at least 30% (by number) of sodium salt
particles observed in the central Amazon basin during the wet season. Hydration
experiments, using environmental microreactors complemented with micro-spectroscopy
analysis, show that sodium-containing fungal spores have higher hygroscopic growth than
sodium-free spores and their sodium content determines their growth factors. Modeling
results suggest that fungal spores account for ~69% (31-95%) of the total sodium mass
during the wet season and that their fractional contribution increases during nighttime. In
contrast to the common assumption that sodium-containing aerosols are primarily arise
from marine sources, our results suggest that locally-emitted fungal spores containing
sodium contribute substantially to the number and mass of coarse particles containing Na
and CI (similar to sea salt). Hence, their role in cloud formation and contribution to salt

cycles and the terrestrial ecosystem in the Amazon basin warrant further consideration.
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The Amazon rainforest is often termed the “green ocean” because its relatively pristine
atmospheric conditions resemble those in remote marine regions interns of the low particle count
and cloud characteristics'. Specifically, the size distribution and concentration of coarse mode
particles in Amazonia are similar to concentrations of coarse mode particles in marine air above
the ocean under calm wind conditions of 1-10 m s (Supplementary Fig. 1). During the wet season
in the Amazon basin, marine aerosol from the Atlantic Ocean is considered the dominant source
of coarse mode particles'. Previous studies assumed the chemical composition of coarse mode
aerosols was strongly impacted by long-range transport of soil dust and marine aerosol advected
into the central Amazon by large-scale tropospheric circulation that adds to the coarse mode
primary biological aerosol particles®. However, local sources of sodium salt-containing coarse
particles and their potential impact have not been considered and are the focus of this study. This
study shows locally emitted fungal spores of coarse super-micrometer size contribute considerably
to sodium salt particles in the Amazon basin during wet season. While previous studies reported
non-marine sources of sodium salts in fine particles, sodium-containing coarse particles have been
attributed almost exclusively to sea-salt. Specifically, Ooki et al® observed the existence of
anthropogenic sodium in fine mode (<1.1 um) aerosol particles in urban air. Ooki et al® suggested
potassium as a tracer for anthropogenic sodium in submicron size (0.43um) particles. Mamane’
found presence of sodium and potassium in <1 um particles from waste incinerators emissions.
Another study conducted in the metropolitan area of Sdo Paulo found K/Na ratio of 1.4 and 0.9 for
coarse (>2.5 um) and fine (<2.5um) particles respectively and they attributed this particles to

waste incineration and vehicles®.
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Primary biological aerosol particles (PBAP), i.e. particles emitted directly from the
biosphere, include fungal spores, pollen, bacteria, algae, protozoa, and fragments of plants and
living or dead organisms. Total global emissions of fungal spores are highly uncertain®?,
estimates vary from 8 Tg per yr* to 186 Tg yr?, to as large as 1000 Tg yr?. Fungal species actively
discharge their spores via liquid jets into the air'?*3, a process occurring preferentially under humid
atmospheric conditions®. Fungal spores and fragments are the most abundant classes of biological
particles in the Amazon basin. They contribute up to 25% during daytime (and 45% during

nighttime) to the total number of coarse mode particles (1 to 10 um diameter)®.

Biological particles, as well as fluorescent particles (inferred to be biological) have been
detected in the free troposphere!**>. Their chemical compositions are highly variable and, due to
the inherent challenges involved in analytically distinguishing between biological and other
carbonaceous particles, their exact origins remain insufficiently characterized'!. In Amazonia,
concentrations of fluorescent biological particles during the wet season of ~7.3x10* m= are

reported, with the highest concentrations occurring during nighttime?®.

Once in the troposphere, biological particles can act as cloud condensation nuclei and ice
nuclei, thus impacting warm and cold cloud formation and evolution*'”. During their airborne
lifetime, Amazonian particles typically experience several cycles of cloud processing!, which
alters their physio-chemical properties and further thwarts their identification. In particular,
biological spores rupture at high humidity due to osmotic pressure and subsequently release
submicron-sized fragments®*°. These fragments contain inorganic salts with the same elements

(e.g., Na, Mg, K, CI) as sea salt. While fragmentation reduces the fraction of original supermicron-
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sized biological particles, it increases their contribution to the number concentration of submicron
particles. Hence, fragmentation due to atmospheric processing further complicates estimation of

their number and size distributions in the accumulation mode!8.

Samples of airborne biological particles were collected during the beginning of the wet
season (January and February, 2015) at the ZF2 tower, a pristine rainforest site in Central
Amazonia located 40 km North of Manaus®*. We applied multimodal chemical imaging techniques,
such as scanning electron microscopy (SEM) coupled with energy dispersive X-ray (EDX)
microanalysis, scanning transmission X-ray microscopy with near-edge X-ray absorption fine
structure analysis (STXM/NEXAFS), and nano secondary ion mass spectrometry (NanoSIMS) to
analyze size and composition of the biological particles. In situ exposure to water vapor in
environmental SEM and STXM studies examined their hygroscopic growth. Finally, model

simulations examined the potential contributions of spores in the Amazon basin atmosphere.

Results

Chemical imaging and micro-spectroscopy analysis of fungal spores. SEM images of
representative coarse mode particles collected in the Amazon basin are illustrated in Fig 1a. X-ray
microanalysis using computer-controlled (CC) SEM/EDX reveals that almost half (~48%) of the
coarse mode particles (1.0-3.2 um aerodynamic diameter) are Na-rich (Fig. 1b). Dust (containing
Al, Si, Fe), or internally mixed biological-dust particles (C, N, P, Na, K, Al, Si, and Fe) are second
most abundant. Coarse mode sulfate and purely carbonaceous particles are 5% and 3%,
respectively. Overall, no considerable differences in the size distributions of different particle

classes were observed during night or day or within, above, or below the canopy (Figs. 1c-f). X-
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ray microanalysis indicates that the spores are comprised primarily of C, N, and O (carbonaceous
in nature) with substantial amounts of other elements e.g., Na, Mg, P, S, Cl, and K (Figs. 2a-c),

consistent with previous reports®20:2,

The fraction of fungal spores was quantified based on their unique characteristic
morphologies (spherical, rod-like or spheroidal in shape), size (1-6 pm), and chemical composition
(mostly carbonaceous and containing phosphorous) by electron microscopy imaging and X-ray
microanalysis of over 3500 individual particles. Details of the fungal spore identification method
are provided elsewhere?8. The particle-type classification scheme is summarized in Supplementary
Fig. 2. During sampling, the number fraction of biological particles was higher below the canopy
(60%+2%) than above the canopy (38%=2%) and higher during night (52%+2%) than day
(37%+2%). The coarse mode mass fractions of phosphorous and potassium, primarily derived
from biological particles'®?2, were larger below than above the canopy and larger during night than
day?. The higher fraction of biological particles below the canopy is consistent with a local source,
and with observations from other tropical rainforests such as Borneo, Malaysia?*. The increased
nighttime number fraction of spores could result from enhanced nighttime active wet discharge of
ascospores and basidiospores associated with elevated humidity'®. Our observation of higher
fractions of biological particles during nighttime below the canopy is consistent with previous

studies in the Amazon rainforest6:23.25,

Chemical imaging of the biological particles using X-ray absorption micro-spectroscopy
confirms the presence of sodium. Figs. 2d-f show representative STXM images of a biological

particle at the Na pre edge (1070 eV) and peak (1079 eV) as well as optical density map. The
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sodium atomic weight fraction is size dependent; smaller particles contain a higher fraction of
sodium than larger particles (Supplementary Fig. 3). The frequent occurrence of substantial
sodium and chlorine masses in biological spores is remarkable. Since biological spores have never
been considered as sources of sodium and chlorine, common analytical methods could mistakenly

assign them as transported sea salt.

NanoSIMS analysis of fungal spores confirms the presence of sodium-containing particles
(Figs. 2g-i) and provides spatial distributions of sodium and other elements within individual
particles?®. For example, the particle in Fig. 2g shows a stronger sodium signal around the particle
boundary. That in Fig. 2h displays complex morphology and heterogeneity in its sodium spatial
distribution, while the distribution of sodium ions in the elongated fungal spore in Fig. 2i appears
homogeneous. These images suggest that sodium distributions within individual fungal spores is
diverse, presumably depends upon spore type, and may be influenced by the particle’s origin and

aging history.

X-ray microanalysis indicates that the average percentage of total spores containing sodium
(minimum detection of 3 wt %) is higher above the canopy (daytime: 60%%6%; nighttime:
39%:+3%) than below the canopy (daytime: 46%=4%; nighttime: 22%+2%). These differences
may partially be influenced by changes in physio-chemical properties of spores that transform
during atmospheric processing. For example, when exposed to high humidity conditions, spores
rupture and release submicrometer-to-micrometer size fragments. A major fraction (~40-60%) of

these fragments contains Na and Cl, and appears morphologically similar to dry sea salt particles
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(Supplementary Fig. 4). Subsequently, when exposed to high humidity these hygroscopic

fragments grow and become supermicron?é,

Hygroscopicity of fungal spores. We investigated the hygroscopicity of spores using
microreactors in environmental SEM*® and in-situ STXM?’. At 94% relative humidity (RH)
sodium-containing fungal spores had area growth factors of 2.4 versus 1.1 if they were sodium-
free (Supplementary Figs. 5 and 6). Similarly, mass growth factors of 3.6 and 1.5 were determined
for sodium-containing and sodium-free fungal spores, respectively, at 96% RH. Remarkably, under
high humidity conditions (RH~94%) the growth factors of sodium-containing biological particles
and NaCl particles are strikingly similar. Using standard analytical methods or inspecting their
morphology*®, these processed particles would not readily be recognized as spores. Due to the
wide range of sources relevant to biological particle emissions which is further complicated by
fragmentation during atmospheric processing, detecting and apportioning aged spores is a daunting
task. Hence, microscopy methods underestimate the contribution of biological particles to the total
atmospheric aerosol. As a result, the fractions of sodium-containing spores reported here represent

lower limits for sodium-bearing fungal spores.

Presence of sodium in fungal spores. Previous studies highlighted the presence of
biogenic potassium-rich particles in the Amazonia in the accumulation mode (0.1-1um
diameter)?2. However, biological particles have never been indicated as a significant source of
sodium-containing particles in the Amazonia. This is despite the fact that sodium in biological
particles has been reported previously.?%?® For example, laser-induced breakdown spectroscopy

measurements showed the presence of sodium in fungal spores? and an X-ray microanalysis study
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observed sodium in particles of biogenic origin?. The presence of sodium is common in so called
halophilic fungi which cannot grow without NaCI*°. Active discharge, uptake, and efflux processes
are likely responsible for the sodium content in the spores and sodium content may vary with
different classes and genera of fungi. During active discharge, fungi forcibly eject spores into the
atmosphere, together with osmotic fluid containing hexoses, mannitol, phosphate, sodium, and
potassium?23t, Fungi require K* for electrical and osmotic equilibria of the cells and presence of
K* in several fungal spores is well understood?2. Previous studies suggested that K* can be partially
replaced by Na* and Na* can enhance the growth of fungi®® and plants® under K* deficiency
conditions. The growth of fungi and uptake of Na* varies with their physiological conditions and
uptake rates depend on the species and their genes®. For example, specific genes (e.g., acul and
acu?2) are responsible for high-affinity Na* uptake of Ustilago maydis. When fungi contain excess
Na*, they activate Na*-efflux ATPase (Adenosinetriphosphatase), which acts as a key enzyme for
the biological evolution of fungi®. We suggest that uptake and efflux of Na* varies with different
classes and genera of fungal community. For example, previous studies in Amazonia shows several
genera (e.g., Agaricus; Amanita; Aspergillus; Boletus; Cladonia; Mortierella; Puccinia; Lepsita;
and Rhizopus) within one class of fungi (Lecanonomycetes)®”38, Furthermore, the transpiration of
plants®® and nutrient uptake*® can also influence the sodium content of spores. Further studies are
needed to better comprehend the sodium content in fungal spores by linking chemical composition,

molecular biology and diversity of fungal spores.

In contrast to previous reports®, our analyses suggest that locally-emitted biological
particles contribute substantially to the total concentration of sodium salt particles in the Amazon

basin during the wet season. Backward trajectories calculated with NOAA’s HYSPLIT model
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suggest that marine air masses would have traveled ~1500 km over 2.5-3 days to reach central
Amazonia (Supplementary Fig. 7). The rain records along backward trajectories also indicate that
multiple precipitation events occurred during transport, which would likely wash out most of the
sea salt particles before their arrival at the sampling site. Hence, these findings support the
dominance of locally-emitted spores in the Amazon basin during this study. Furthermore, the
presence of a substantial amount (48%z=3%) of coarse mode sodium-rich particles below the ~20
m thick forest canopy suggests that local biological emissions contribute significantly to the

concentration of sodium-salt particles in the Amazonia.

Model estimate of contribution of fungal spores to sodium budget. To evaluate the
geographic distribution and frequency of high fungal spores contributions to airborne sodium mass
over the Amazon basin, we conducted model simulations in the Community Earth System Model
(CESML1.2.2, see Methods). Briefly, atmospheric emissions and transport simulations were
performed using nudging*! to recreate the observed meteorology of 2014-2015. Particulate sodium
content was estimated by considering 70% of fungal spores to be sodium-rich (represents an upper
bound), with sodium-rich fungal spores containing 13% sodium by mass, and 30% sodium in sea
salt*?(see Methods). We also performed a sensitivity analysis by assuming either 30% or 50% of

fungal spores to be sodium-rich.

Model-estimated and observed fungal spore concentrations in various ecosystems and
geographic locations® (Supplementary Fig. 8) are compared in Fig. 3a. Estimated concentrations
are typically higher than observed values but at the measurement site, model-estimated fungal

spore concentrations are similar to the observed concentrations. Comparison between model-
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estimated and measured sodium mass concentrations from sea salt emissions from various
geographical locations at the coastal and island sites (Supplementary Fig. 9) are illustrated in
Supplementary Fig. 10. The model estimates of sodium mass concentrations are approximately a
factor of two higher than observations at many of the measurement sites; the measurements used
in this analysis were all collected at coastal and island locations in the Southern hemisphere,
between 20 and 70 S. It is interesting to note that measurements at the remote sites (e.g.,
Antarctica) are in good agreement with the estimated mass. The time series of both simulated
fungal spore and sea salt concentrations (Supplementary Fig. 11) exhibited strong variability.
Simulated sea salt concentrations, driven by the long-range transport of marine air, are higher
during the dry season compared to the wet season. This may be due to stronger wet removal

processes hindering long-range transport, and changes in wind patterns during the wet season.

In the model, during periods of low sea salt aerosol concentration, fungal spores typically
contribute the majority of the estimated sodium mass. These conditions occur more frequently
during the wet season (Fig. 3b) than the dry season (Supplementary Fig. 12). On average, fungal
spores are estimated to contribute 69% of sodium during the wet season. We calculate approximate
upper and lower bounds for the fungal spore contribution to the total sodium mass by varying
fungal spore mass concentrations by a factor of ten and sea salt mass concentrations by a factor of
two. On average, fungal spores are estimated to contribute 69% (31-95%) of sodium during the
wet season. However, the level of confidence in fungal spore estimates is arguably higher for the
Amazon, since the emissions parameterization was originally developed based primarily on
measurements from the Amazon and other tropical rainforests, and simulated fungal spore number

concentrations agree with measurements at the Amazonia site within a factor of two. Assuming a
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factor of two uncertainty bounds for fungal spore concentrations, their estimated contribution to
sodium mass would range between 51-84%. We performed a sensitivity analysis by assuming
either 30% or 50% of fungal spores to be sodium-rich. When applying these different assumptions
to the model simulations, fungal spores account for 58% (21-90%) or 65% (27-93%) of the total
simulated sodium mass during the wet season (Supplementary Fig. 13). The model suggests that
the fractional contribution of fungal spores to sodium will increase during nighttime and decrease
during daytime (Fig. 3b). This may be the combined result of diurnal cycles in emissions,
boundary-layer dynamics, and removal processes (e.g., precipitation). Fig. 3c presents a regional
map of the percentage of days when fungal spores contribute at least 50% of estimated total sodium

during the wet season.

Discussion
Overall, fungal spores dominated the number fraction of coarse mode in the Amazonia during
nighttime and in below-canopy samples, and half of the coarse mode particles are sodium-rich.
Previously, sodium-rich particles have been solely attributed to marine aerosol from the Atlantic
Ocean. Previous studies in different atmospheric environment show the presence of sodium in fine
mode and suggest potassium as a tracer for anthropogenic sodium®284344_Qbservations of our study
are fundamentally different. First, our study focuses on the coarse mode particles. Second, the
potassium observed in our study mostly originates from biological particles?? confirmed by their
unique and distinguishable morphology. Those particles were especially abundant during the wet
season when biomass burning is not a dominant source of particles in the basin. Remarkably, our
experimental and modeling results demonstrate that fungal spores emitted from the rainforest

biosphere contribute a major fraction to the sodium budget during wet season, while most of

12



276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

marine aerosol particles would be removed by wet deposition during transport. Fig. 4 illustrates
the sources and atmospheric processing of fungal spores. Hygroscopicity experiments indicate that
during cloud processing or high-humidity spores rupture and release submicrometer-to-
micrometer size salt fragments®®, further contributing to the sodium budget in accumulation mode
particles. This work highlights the potential importance of biological particles as a source of
sodium-salt particles in widespread tropical forests, and motivates the necessity of studies

investigating the chemistry of biological particles in other forested regions of the globe.
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Figure 1| Size distribution and particle-type classes. a, Representative SEM image (forward
scattered transmistted electron imaging mode) of particles collected at the ZF2 site in Amazonia.
Dark green arrows indicate Na-rich particles, blue arrow indicates a mixed sulfate and Na
containing particle with minor contributions of Na, and light green color arrows indicate other
types of particles, mostly internally mixed dust and biological particles. Scale bar is 5 um. b,
Nightime and daytime number fraction of different particle classes for particles collected above
canopy (A-canopy) and below canopy (B-canopy). c-f Size distribution of different particle

classes.
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Figure 3| Simulation of sodium contribution from biological particles to total sodium budget
in the Amazon area. a, Comparison of model-simulated and observed mean fungal spore
concentration at various ecosystem and geographical locations. All model-simulated values are
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and 1:10). The pink hexagonal point represents the measurement campaign (mean simulated fungal
spore concentration, Jan 26 — Feb 8, 2015, compared with observed fungal spore concentrations
during the same time period). The stars indicate points from literature measurements from tropical
rainforests. b, Sodium fraction from fungal spores in wet and dry season at the model’s nearest
grid point to the ZF2 tower, located at 2.84° S 60.0° W, in the model’s lowest (near-surface) layer.
White dots represent the median, thick lines represent 25-75 percentile, and thin vertical lines
represent the range of minimum and maximum value; violin plot represents a kernel density
estimate distribution of the sodium fraction values. Background shading indicates time of day, blue
represents night [1800-0600] and yellow represents day [0600-1800]. ¢, Percentage of days when
fungal spores contributed at least 50% of estimated total sodium in wet season, assuming that 70%
of fungal spores are sodium-rich, containing 13% sodium by mass, and sea salt aerosol is

composed of 30% Na by mass. Results for dry season are shown in Supplementary Fig. 12.
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Figure 4| Sources and atmospheric processing of fungal spore particles in the Amazon

rainforest. Sodium-containing and sodium-free fungal spore particles are emitted from the
Amazon rainforest. Sodium-containing fungal spores exhibit higher hygroscopic growth compared
to sodium-free fungal spores. When they are exposed to high humidity conditions, or through cloud
processing, fungal spore particles rupture and release submicrometer-to-micrometer size
fragments. A substantial fraction of the fragments which contains Na, Cl, and K, and appear
morphologically similar to dry sea salt particles. These hygroscopic salt fragments can participate

in cloud formation.
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Data Availability

All relevant data are available from the authors.
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Methods

Sampling Site and Sample Collection. Samples were collected during the wet season (January

and February, 2015) at the ZF2 Tower (02°35.3517" S, 60 06.8333" W), a pristine rainforest site in

Central Amazonia located 40 km North of Manaus margins. Samples were collected through a

sampling inlet located at a height of 2 meters (below canopy) and 39 m above ground (above

canopy), during day and night with 30 L/min sampling rate. Particles were collected onto 400 mesh
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transmission electron microscopy (TEM) grids coated with Carbon Type-B films (Ted Pella, Inc.),
silicon nitride membrane substrates (0.5 x 0.5 mm? SisNs window size, 100 nm membrane
thickness, 5 x 5 mm? Si frame size; Silson, Inc.). 10-stage Micro-Orifice Uniform Deposition
Impactors™ (MOUDI™; model 110-R, MSP, Inc.) were used for sampling. This study focuses on
the samples from stages 4 and 5 (size range: 1.0-3.2 um) where the relative abundance of biological
particles is high. All the experiments were performed with diligently. Samples were handled with
caution. For examples, tweezers were cleaned with solvents prior to handling the samples; new

gloves were used for handling of samples after each experiments.

Chemical imaging of particles. An environmental scanning electron microscope (ESEM, Quanta
3D model, FEI, Inc.) with an EDAX™ energy dispersive X-ray (EDX) spectrometer and a Si(Li)
detector with a 10 mm? active area and an ATW?2 window was used under vacuum conditions for
imaging and X-ray microanalysis. Particles were imaged using secondary electron (SE) and
forward scattered transmitted electron (STE) signals. STE imaging mode was used for particle
identification and computer-controlled (CC) SEM/EDX analysis. X-ray spectrum for each
identified particle was acquired at an acceleration voltage of 20 kV and at a beam current of 430
pA for 10 seconds. The computer-controlled CCSEM/EDX analysis automatically investigates the
specified scanning area and detects particles in the specified fields of view. In this way, we can
detect ~90% of the particles deposited on the grid. Particles collected on the edges (~5-10%) of
the Cu mesh were excluded from the results based on their high Cu background signal. We
analyzed ~80% of the particles that were collected onto TEM B-film grids placed on stages 4 and
5 of the impactor. Area equivalent diameters (AED) were calculated from the 2D projected area
recorded for each individual particle. Particle elemental composition was quantified and is reported

in units of atomic fractions. The percentage of sodium content in fungal spores was estimated using

24



573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

the known mass fraction of spores® and carbon/sodium wt% from X-ray microanalysis. Carbon
content in spores ranges from 42-66%, with an average of 51%*. The average carbon/sodium wt%
in fungal spores is 4:1. The mass of the spores is estimated from the size distribution of microscopy

analysis and assuming a density of 1 gm cm3)1318,

STXM utilizes a focused soft X-ray beam generated from the synchrotron light source to
probe chemical bonding of specific elements of interest within individual particles. STXM images
are obtained by raster scanning the sample at fixed photon energy and recording intensities of the
transmitted X-rays at each pixel. The optical density (-In(1(4)/lo) is calculated based on the
measured intensity (Iq) using Beer-Lambert’s law *®. Transmission intensity through a particle free
region of the substrate is used to obtain lo.

The hygroscopicity of biological particles was investigated using a temperature-controlled
cooling stage in the environmental SEM to estimate the area growth factor (ratio of wet-to-dry
diameters) and a microreactor for in situ STXM hydration experiments?’ to estimate the mass
growth factor (ratio of wet-to-dry oxygen mass).

Nano secondary ion mass spectrometry (NanoSIMS, CAMECA 50L, Gennevilliers Cedex,
France) was used to perform imaging of Na+ ions. NanoSIMS provides high lateral resolution.
Samples were coated with a thin layer of Au to minimize charging and non-equilibrium sputtering
effects during analysis. A 16 keV O primary ion beam was used for analysis. Prior to data
collection, samples were pre-sputtered with about 10*® O™ ions cm™?. Analysis of 15 pm x 15 pm
and 256 px x 256 px were performed with a dwell time of 13.5 ms px?. Beam diameter was

estimated to be about 250 nm.
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Community Atmosphere Model Description. Fungal spore emissions were calculated according
to the global model parameterization of Heald and Spracklen*’. While this parameterization has
substantial uncertainties, it was developed on the basis of observed mannitol concentrations from
various continental locations and seasons; about half of these observations were from PM2.5
aerosol collected in the tropical Brazilian rainforest during the wet season, where concentrations
were 2-3 times higher than those reported at extratropical locations®®. Therefore, we believe the
parameterization can be used with greater confidence in the Amazonian rainforest, particularly

during the wet season, than at other times and locations.

A simulation for present-day conditions was performed using the Community Atmosphere Model
(CAM5)*8, which is the atmosphere component of the Community Earth System Model (CESM,
version 1.2.1)*. The model was configured at a horizontal resolution of 1.9° latitude by 2.5°
longitude, with 30 vertical layers ranging from the surface to 2.26 hPa. The simulation was
performed from March 2014 to March 2015 with constrained meteorology *°,where model winds

are nudged toward the MERRA reanalysis®! with a relaxation time of 6 hours*:.

The model tracks the emissions and concentrations of six chemical species of aerosol: sea salt,
dust, sulfate, secondary organic aerosol (SOA), black carbon (BC) and continental primary organic
aerosol (POA). Aerosol transport and microphysics, including nucleation, condensation, and
coagulation, is calculated within a modal aerosol module with three size classes (MAM3)%?,
including the Aitken mode (dry diameter size range of 0.02—-0.08 um), accumulation mode (0.08—
1.0 um), and coarse mode (1.0—10.0 pm). Sea salt aerosol emission follows Martensson et al®® for
small particles (diameter < 2.8 pm), while emissions of larger particles (diameter > 2.8 um) follow

Monahan et al®*. The simulated sea salt budget was evaluated in Liu et al®®> and falls within the
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AeroCom values®®; the modeled global sea salt emission flux is within the range of 2200 ~ 118,000
Tg yr? using different sea salt source functions. A detailed description of the model’s aerosol

removal processes can be found elsewhere?®,

Fungal spores were emitted into the model’s coarse mode, and are removed by wet and dry
deposition in the same manner as other aerosol species. Upon emission both fungal spore mass
and coarse mode number are increased, with the mass-to-number ratio for emissions determined
by assuming that fungal spores have 4 um diameter upon emission. The model’s coarse mode
particle number concentration also includes number contributions from other aerosol species,
which are treated as internally mixed within the coarse mode, and the particle diameter is
calculated dynamically by the aerosol microphysics routines from the total coarse mode aerosol
mass and number, and a fixed geometric width. Fungal spores were assigned the same optical
properties as the model’s organic carbon tracer, which is close to the observed refractive indices
of fungal spores (1.4-0i)?°. Fungal spores were assigned a material density of 1 g cm™3, which is
commonly used in literature’>*®. Fungal spores were assigned a hygroscopicity parameter (k) of
0.1, similar to that of pollen grains®®. The observed overall k value for ambient below-canopy
aerosol in the Amazon is 0.22£0.05 in the accumulation mode, with an overall mean value of

x=0.17+0.06°".
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We thank the reviewers’ for their comments and suggestions. In the following discussion, the
reviewers’ comments are in black-colored font, our responses are in blue-colored font, and changes
in the manuscript are noted by italics blue-colored font.

Reviewer #2 (Remarks to the Author):

As | pointed out in my initial review, there are many non-marine sources of sodium salts, which
the manuscript failed to discuss. It is frustrating to me that the authors acknowledge this fact in
their response and yet refuse to improve the text accordingly. A number of relevant references are
missing. In fact, the authors discuss a number of these in their rebuttal but don’t include them in
the revised text. | find the manuscript seriously lacking in this regard. It is a serious problem in the
discussion and introduction. It would seem that the authors are concerned that once the proper
references are cited, the novelty of their manuscript will fall beneath the high standards of Nature.
Additionally, failure to acknowledge and discuss Na sources is a weakness in the estimates of how
much salt in the Amazon comes from marine sources. | appreciate the effort in revising and adding
the modeled estimates of sources. However, that section is very simplistic and | question the merit
of conclusions drawn from it. Also, the authors state in their response that other Na sources in
aerosol are “completely different” because they are small sized aerosols, whereas fungal spores
are in the coarse mode. This statement is contradictory to the discussion in the manuscript text that
describes the bursting of fungal spores and generation of smaller aerosol as a major reason that
fungal spores have climatic relevance. What is known in the literature about the concentration of
NaCl in spores? | suspect that a lot more work has been conducted that is not cited here.

In response to the reviewer’s request, we added relevant text in the introduction as noted below
(lines: 58-68). Regarding the bursting of fungal spores and generation of smaller particles, we
suggest that total contribution of sodium budget from fungal spores can be even lager because we
didn’t take into account the smaller particles in this study. This study focuses solely on the coarse
mode particles and reported results from samples collected on stages 4 and 5 (size range: 1.0-3.2
pum) where the relative abundance of biological particles is high.

“This study shows locally emitted fungal spores of coarse super-micrometer size contribute
considerably to sodium salt particles in the Amazon basin during wet season. While previous
studies reported non-marine sources of sodium salts in fine particles, sodium-containing coarse
particles have been attributed typically to sea-salt. Specifically, Ooki et al* observed the existence
of anthropogenic sodium in fine mode (<1.1 pum) aerosol particles in urban air. Ooki et al
suggested potassium as a tracer for anthropogenic sodium in submicron size (0.43um) particles.
Mamane? found presence of sodium and potassium in <1 um particles from waste incinerators
emissions. Another study conducted in the metropolitan area of Sdo Paulo found K/Na ratio of 1.4
and 0.9 for coarse (>2.5 um) and fine (<2.5um) particles respectively and they attributed this
particles to waste incineration and vehicles®.”

We added the following text in the discussion (lines: 268-273)



“Previous studies in different atmospheric environment show the presence of sodium in fine mode
and suggest potassium as a tracer for anthropogenic sodium®®. Observations of our study are
fundamentally different. First, our study focuses on the coarse mode particles. Second, the
potassium observed in our study mostly originates from biological particles® confirmed by their
unique and distinguishable morphology. Those particles were especially abundant during the wet
season when biomass burning is not a dominant source of particles in the basin. ”

The experimental details are sparse. My concern that the highly variable present of salt may simply
be a function of operator error (and the occasional contamination of some samples through contain
with human skin or contaminated (or re-used) laboratory gloves. | note that another reviewer
requested additional details, and the authors chose not to include them, but rather to refer readers
to a previous manuscript. | appreciate the limitation of space, but this does not help to eleviate my
concern that the experimental results are artifacts rather than new findings.

As we discussed in our revised manuscript, we suggest that variable present of sodium content
may depend on different classes and genera of fungi. Sample collection and experiments were
conducted with cautions. In our previous revised version as requested by the reviewer 3, we
provided details of the method (please see the notes of the reviewer 3 who found our arguments
convincing). In addition to that, we provide following discussions, which suggest that presence of
sodium salt in our sample indeed from spores rather than contamination.

) We routinely investigate quality of our blank substrates from different batches (total 5
in this case). SEM images at different field of view show that blank sample are with
negligible contamination (see Supplementary Figure 14). We found 1 particle per
0.0005 cm? area, where as field collected particles, on average, consist of ~500
individual particles on stages 4 and 5. Particle loading is higher for smaller size
particles (~2100 particles per 0.0005 cm? area on stages 6 and 7, see Supplementary
Figure 15a, b).

i) As we mentioned earlier, this study reports samples from stages 4 and 5 (size range:
1.0-3.2 um). However, we also investigate particles from lower stages 6 and 7, size
range: 0.32-1.0 um) for a separate study. Fractions of Na-containing particles in stages
6 and 7 are significantly lower (Na-containing particle <15%) than particles on stages
4 and 5 (~50%). Please see Supplementary Figure 15c. This result suggest that high
fraction of sodium-salt particles are indeed from spores that were deposited on stages
4 and 5.

iii) Na-content in spores were investigated using different techniques (electron microscopy
and Nano- secondary ion mass spectrometry) with different operator, sample
preparation and sample handling procedures. Irrespective of that, both methods show
presence of sodium in spores.

To elaborate more on this note, we added two new Supplementary Figures (14 and 15) and the
following text (lines: 555-564) in the method section of the revised manuscript.



“All the experiments were performed with diligently. Samples were handled with caution. For
examples, tweezers were cleaned with solvents prior to handling the samples; new gloves were
used for handling of samples after each experiments. Examination of blank substrate showed
negligible contamination on the sample substrate (Supplementary Figure 14). Investigation of
particles from stages 6 and 7 (size range: 0.32-1.0 um) showed Na-containing particles in stages
6 and 7 are significantly lower (Na-containing particle <15%) than particles on stages 4 and
(Supplementary Figure 15). This result suggest that high fraction of sodium-salt particles are
indeed from spores that were deposited on stages 4 and 5. Furthermore, sodium content in spores
was observed irrespective of different sample preparation and techniques (e.g., SEM/EDX, STXM
and NanoSIMS)”

Supplementary Figure 14. Investigation of particle contamination. SEM images show a) low
magnification and b) high magnification image of blank sample; ¢) low magnification and d)
high magnification image of collected sample.
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Supplementary Figure 15. Fraction of Na-rich particles in smaller size (stages 6 and 7)
particles. Representative SEM images of particles collected on a) stage 6 (0.56-1.0 um), b) stage
7 (0.32-0.56 um), c) number fraction of different particle classes for particles collected on stages
6 and 7. Fraction of Na-rich particles is <15%.

Reviewer #3 (Remarks to the Author):

The authors have appropriately addressed the comments of me and the other two reviewers. | only
have one (very minor) comment on the revised version of the MS: in the main text (lines 236-256),
the authors discuss the uncertainty in the 69% contribution of fungal spores to sodium mass, due
to assumptions on spore sodium content and sea salt contribution. 1 would like to see this
uncertainty reflected in the number that is given in the abstract, so could you please indicate the
uncertainty range there (line 36)?

My recommendation is therefore to publish the paper after this minor revision.

As suggested, we provided the uncertainty range in the abstract as well.



“Modeling results suggest that fungal spores account for ~69% (31-95%) of the total sodium mass

during the wet season and that their fractional contribution increases during nighttime.

»»
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Salt containing aerosols play important roles in atmospheric chemistry and cloud formation,
hence understanding and observationally constraining their sources and processes are vital.
In the Amazon basin, particles containing mixed sodium salts are routinely observed and
attributed to marine aerosols transported from the Atlantic Ocean. Here, using detailed
chemical imaging analysis, we show that fungal spores emitted by the forest biosphere
(Primary Biogenic Aerosol Particles) contribute to at least 30% (by number) of sodium salt
particles observed in the central Amazon basin during the wet season. Hydration
experiments, using environmental microreactors complemented with micro-spectroscopy
analysis, show that sodium-containing fungal spores have higher hygroscopic growth than
sodium-free spores and their sodium content determines their growth factors. Modeling
results suggest that fungal spores account for ~69% (31-95%) of the total sodium mass
during the wet season and that their fractional contribution increases during nighttime. In
contrast to the common assumption that sodium-containing aerosols are primarily arise
from marine sources, our results suggest that locally-emitted fungal spores containing
sodium contribute substantially to the number and mass of coarse particles containing Na
and CI (similar to sea salt). Hence, their role in cloud formation and contribution to salt

cycles and the terrestrial ecosystem in the Amazon basin warrant further consideration.



48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

The Amazon rainforest is often termed the “green ocean” because its relatively pristine
atmospheric conditions resemble those in remote marine regions interns of the low particle count
and cloud characteristics'. Specifically, the size distribution and concentration of coarse mode
particles in Amazonia are similar to concentrations of coarse mode particles in marine air above
the ocean under calm wind conditions of 1-10 m s (Supplementary Fig. 1). During the wet season
in the Amazon basin, marine aerosol from the Atlantic Ocean is considered the dominant source
of coarse mode particles'. Previous studies assumed the chemical composition of coarse mode
aerosols was strongly impacted by long-range transport of soil dust and marine aerosol advected
into the central Amazon by large-scale tropospheric circulation that adds to the coarse mode
primary biological aerosol particles®. However, local sources of sodium salt-containing coarse
particles and their potential impact have not been considered and are the focus of this study. This
study shows locally emitted fungal spores of coarse super-micrometer size contribute considerably
to sodium salt particles in the Amazon basin during wet season. While previous studies reported
non-marine sources of sodium salts in fine particles, sodium-containing coarse particles have been
attributed typically to sea-salt. Specifically, Ooki et al® observed the existence of anthropogenic
sodium in fine mode (<1.1 pm) aerosol particles in urban air. Ooki et al® suggested potassium as
a tracer for anthropogenic sodium in submicron size (0.43um) particles. Mamane’ found presence
of sodium and potassium in <1 um particles from waste incinerators emissions. Another study
conducted in the metropolitan area of Sdo Paulo found K/Na ratio of 1.4 and 0.9 for coarse (>2.5
pum) and fine (<2.5um) particles respectively and they attributed this particles to waste

incineration and vehicles®.
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Primary biological aerosol particles (PBAP), i.e. particles emitted directly from the
biosphere, include fungal spores, pollen, bacteria, algae, protozoa, and fragments of plants and
living or dead organisms. Total global emissions of fungal spores are highly uncertain®?,
estimates vary from 8 Tg per yr* to 186 Tg yr?, to as large as 1000 Tg yr?. Fungal species actively
discharge their spores via liquid jets into the air'?*3, a process occurring preferentially under humid
atmospheric conditions®. Fungal spores and fragments are the most abundant classes of biological
particles in the Amazon basin. They contribute up to 25% during daytime (and 45% during

nighttime) to the total number of coarse mode particles (1 to 10 um diameter)®.

Biological particles, as well as fluorescent particles (inferred to be biological) have been
detected in the free troposphere!**>. Their chemical compositions are highly variable and, due to
the inherent challenges involved in analytically distinguishing between biological and other
carbonaceous particles, their exact origins remain insufficiently characterized'!. In Amazonia,
concentrations of fluorescent biological particles during the wet season of ~7.3x10* m= are

reported, with the highest concentrations occurring during nighttime?®.

Once in the troposphere, biological particles can act as cloud condensation nuclei and ice
nuclei, thus impacting warm and cold cloud formation and evolution*'”. During their airborne
lifetime, Amazonian particles typically experience several cycles of cloud processing!, which
alters their physio-chemical properties and further thwarts their identification. In particular,
biological spores rupture at high humidity due to osmotic pressure and subsequently release
submicron-sized fragments®*°. These fragments contain inorganic salts with the same elements

(e.g., Na, Mg, K, CI) as sea salt. While fragmentation reduces the fraction of original supermicron-
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sized biological particles, it increases their contribution to the number concentration of submicron
particles. Hence, fragmentation due to atmospheric processing further complicates estimation of

their number and size distributions in the accumulation mode?8.

Samples of airborne biological particles were collected during the beginning of the wet
season (January and February, 2015) at the ZF2 tower, a pristine rainforest site in Central
Amazonia located 40 km North of Manaus®*. We applied multimodal chemical imaging techniques,
such as scanning electron microscopy (SEM) coupled with energy dispersive X-ray (EDX)
microanalysis, scanning transmission X-ray microscopy with near-edge X-ray absorption fine
structure analysis (STXM/NEXAFS), and nano secondary ion mass spectrometry (NanoSIMS) to
analyze size and composition of the biological particles. In situ exposure to water vapor in
environmental SEM and STXM studies examined their hygroscopic growth. Finally, model

simulations examined the potential contributions of spores in the Amazon basin atmosphere.

Results

Chemical imaging and micro-spectroscopy analysis of fungal spores. SEM images of
representative coarse mode particles collected in the Amazon basin are illustrated in Fig 1a. X-ray
microanalysis using computer-controlled (CC) SEM/EDX reveals that almost half (~48%) of the
coarse mode particles (1.0-3.2 um aerodynamic diameter) are Na-rich (Fig. 1b). Dust (containing
Al, Si, Fe), or internally mixed biological-dust particles (C, N, P, Na, K, Al, Si, and Fe) are second
most abundant. Coarse mode sulfate and purely carbonaceous particles are 5% and 3%,
respectively. Overall, no considerable differences in the size distributions of different particle

classes were observed during night or day or within, above, or below the canopy (Figs. 1c-f). X-
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ray microanalysis indicates that the spores are comprised primarily of C, N, and O (carbonaceous
in nature) with substantial amounts of other elements e.g., Na, Mg, P, S, Cl, and K (Figs. 2a-c),

consistent with previous reports®20:2,

The fraction of fungal spores was quantified based on their unique characteristic
morphologies (spherical, rod-like or spheroidal in shape), size (1-6 pm), and chemical composition
(mostly carbonaceous and containing phosphorous) by electron microscopy imaging and X-ray
microanalysis of over 3500 individual particles. Details of the fungal spore identification method
are provided elsewhere?8. The particle-type classification scheme is summarized in Supplementary
Fig. 2. During sampling, the number fraction of biological particles was higher below the canopy
(60%+2%) than above the canopy (38%=2%) and higher during night (52%+2%) than day
(37%+2%). The coarse mode mass fractions of phosphorous and potassium, primarily derived
from biological particles'®?2, were larger below than above the canopy and larger during night than
day?. The higher fraction of biological particles below the canopy is consistent with a local source,
and with observations from other tropical rainforests such as Borneo, Malaysia?*. The increased
nighttime number fraction of spores could result from enhanced nighttime active wet discharge of
ascospores and basidiospores associated with elevated humidity'®. Our observation of higher
fractions of biological particles during nighttime below the canopy is consistent with previous

studies in the Amazon rainforest6:23.25,

Chemical imaging of the biological particles using X-ray absorption micro-spectroscopy
confirms the presence of sodium. Figs. 2d-f show representative STXM images of a biological

particle at the Na pre edge (1070 eV) and peak (1079 eV) as well as optical density map. The
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sodium atomic weight fraction is size dependent; smaller particles contain a higher fraction of
sodium than larger particles (Supplementary Fig. 3). The frequent occurrence of substantial
sodium and chlorine masses in biological spores is remarkable. Since biological spores have never
been considered as sources of sodium and chlorine, common analytical methods could mistakenly

assign them as transported sea salt.

NanoSIMS analysis of fungal spores confirms the presence of sodium-containing particles
(Figs. 2g-i) and provides spatial distributions of sodium and other elements within individual
particles?®. For example, the particle in Fig. 2g shows a stronger sodium signal around the particle
boundary. That in Fig. 2h displays complex morphology and heterogeneity in its sodium spatial
distribution, while the distribution of sodium ions in the elongated fungal spore in Fig. 2i appears
homogeneous. These images suggest that sodium distributions within individual fungal spores is
diverse, presumably depends upon spore type, and may be influenced by the particle’s origin and

aging history.

X-ray microanalysis indicates that the average percentage of total spores containing sodium
(minimum detection of 3 wt %) is higher above the canopy (daytime: 60%%6%; nighttime:
39%:+3%) than below the canopy (daytime: 46%=4%; nighttime: 22%+2%). These differences
may partially be influenced by changes in physio-chemical properties of spores that transform
during atmospheric processing. For example, when exposed to high humidity conditions, spores
rupture and release submicrometer-to-micrometer size fragments. A major fraction (~40-60%) of

these fragments contains Na and Cl, and appears morphologically similar to dry sea salt particles
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(Supplementary Fig. 4). Subsequently, when exposed to high humidity these hygroscopic

fragments grow and become supermicron?é,

Hygroscopicity of fungal spores. We investigated the hygroscopicity of spores using
microreactors in environmental SEM*® and in-situ STXM?’. At 94% relative humidity (RH)
sodium-containing fungal spores had area growth factors of 2.4 versus 1.1 if they were sodium-
free (Supplementary Figs. 5 and 6). Similarly, mass growth factors of 3.6 and 1.5 were determined
for sodium-containing and sodium-free fungal spores, respectively, at 96% RH. Remarkably, under
high humidity conditions (RH~94%) the growth factors of sodium-containing biological particles
and NaCl particles are strikingly similar. Using standard analytical methods or inspecting their
morphology*®, these processed particles would not readily be recognized as spores. Due to the
wide range of sources relevant to biological particle emissions which is further complicated by
fragmentation during atmospheric processing, detecting and apportioning aged spores is a daunting
task. Hence, microscopy methods underestimate the contribution of biological particles to the total
atmospheric aerosol. As a result, the fractions of sodium-containing spores reported here represent

lower limits for sodium-bearing fungal spores.

Presence of sodium in fungal spores. Previous studies highlighted the presence of
biogenic potassium-rich particles in the Amazonia in the accumulation mode (0.1-1um
diameter)?2. However, biological particles have never been indicated as a significant source of
sodium-containing particles in the Amazonia. This is despite the fact that sodium in biological
particles has been reported previously.?%?® For example, laser-induced breakdown spectroscopy

measurements showed the presence of sodium in fungal spores? and an X-ray microanalysis study
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observed sodium in particles of biogenic origin?. The presence of sodium is common in so called
halophilic fungi which cannot grow without NaCI*°. Active discharge, uptake, and efflux processes
are likely responsible for the sodium content in the spores and sodium content may vary with
different classes and genera of fungi. During active discharge, fungi forcibly eject spores into the
atmosphere, together with osmotic fluid containing hexoses, mannitol, phosphate, sodium, and
potassium?23t, Fungi require K* for electrical and osmotic equilibria of the cells and presence of
K* in several fungal spores is well understood?2. Previous studies suggested that K* can be partially
replaced by Na* and Na* can enhance the growth of fungi®® and plants® under K* deficiency
conditions. The growth of fungi and uptake of Na* varies with their physiological conditions and
uptake rates depend on the species and their genes®. For example, specific genes (e.g., acul and
acu?2) are responsible for high-affinity Na* uptake of Ustilago maydis. When fungi contain excess
Na*, they activate Na*-efflux ATPase (Adenosinetriphosphatase), which acts as a key enzyme for
the biological evolution of fungi®. We suggest that uptake and efflux of Na* varies with different
classes and genera of fungal community. For example, previous studies in Amazonia shows several
genera (e.g., Agaricus; Amanita; Aspergillus; Boletus; Cladonia; Mortierella; Puccinia; Lepsita;
and Rhizopus) within one class of fungi (Lecanonomycetes)®”38, Furthermore, the transpiration of
plants®® and nutrient uptake*® can also influence the sodium content of spores. Further studies are
needed to better comprehend the sodium content in fungal spores by linking chemical composition,

molecular biology and diversity of fungal spores.

In contrast to previous reports®, our analyses suggest that locally-emitted biological
particles contribute substantially to the total concentration of sodium salt particles in the Amazon

basin during the wet season. Backward trajectories calculated with NOAA’s HYSPLIT model
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suggest that marine air masses would have traveled ~1500 km over 2.5-3 days to reach central
Amazonia (Supplementary Fig. 7). The rain records along backward trajectories also indicate that
multiple precipitation events occurred during transport, which would likely wash out most of the
sea salt particles before their arrival at the sampling site. Hence, these findings support the
dominance of locally-emitted spores in the Amazon basin during this study. Furthermore, the
presence of a substantial amount (48%z=3%) of coarse mode sodium-rich particles below the ~20
m thick forest canopy suggests that local biological emissions contribute significantly to the

concentration of sodium-salt particles in the Amazonia.

Model estimate of contribution of fungal spores to sodium budget. To evaluate the
geographic distribution and frequency of high fungal spores contributions to airborne sodium mass
over the Amazon basin, we conducted model simulations in the Community Earth System Model
(CESML1.2.2, see Methods). Briefly, atmospheric emissions and transport simulations were
performed using nudging*! to recreate the observed meteorology of 2014-2015. Particulate sodium
content was estimated by considering 70% of fungal spores to be sodium-rich (represents an upper
bound), with sodium-rich fungal spores containing 13% sodium by mass, and 30% sodium in sea
salt*?(see Methods). We also performed a sensitivity analysis by assuming either 30% or 50% of

fungal spores to be sodium-rich.

Model-estimated and observed fungal spore concentrations in various ecosystems and
geographic locations® (Supplementary Fig. 8) are compared in Fig. 3a. Estimated concentrations
are typically higher than observed values but at the measurement site, model-estimated fungal

spore concentrations are similar to the observed concentrations. Comparison between model-
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estimated and measured sodium mass concentrations from sea salt emissions from various
geographical locations at the coastal and island sites (Supplementary Fig. 9) are illustrated in
Supplementary Fig. 10. The model estimates of sodium mass concentrations are approximately a
factor of two higher than observations at many of the measurement sites; the measurements used
in this analysis were all collected at coastal and island locations in the Southern hemisphere,
between 20 and 70 S. It is interesting to note that measurements at the remote sites (e.g.,
Antarctica) are in good agreement with the estimated mass. The time series of both simulated
fungal spore and sea salt concentrations (Supplementary Fig. 11) exhibited strong variability.
Simulated sea salt concentrations, driven by the long-range transport of marine air, are higher
during the dry season compared to the wet season. This may be due to stronger wet removal

processes hindering long-range transport, and changes in wind patterns during the wet season.

In the model, during periods of low sea salt aerosol concentration, fungal spores typically
contribute the majority of the estimated sodium mass. These conditions occur more frequently
during the wet season (Fig. 3b) than the dry season (Supplementary Fig. 12). On average, fungal
spores are estimated to contribute 69% of sodium during the wet season. We calculate approximate
upper and lower bounds for the fungal spore contribution to the total sodium mass by varying
fungal spore mass concentrations by a factor of ten and sea salt mass concentrations by a factor of
two. On average, fungal spores are estimated to contribute 69% (31-95%) of sodium during the
wet season. However, the level of confidence in fungal spore estimates is arguably higher for the
Amazon, since the emissions parameterization was originally developed based primarily on
measurements from the Amazon and other tropical rainforests, and simulated fungal spore number

concentrations agree with measurements at the Amazonia site within a factor of two. Assuming a

11



253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

factor of two uncertainty bounds for fungal spore concentrations, their estimated contribution to
sodium mass would range between 51-84%. We performed a sensitivity analysis by assuming
either 30% or 50% of fungal spores to be sodium-rich. When applying these different assumptions
to the model simulations, fungal spores account for 58% (21-90%) or 65% (27-93%) of the total
simulated sodium mass during the wet season (Supplementary Fig. 13). The model suggests that
the fractional contribution of fungal spores to sodium will increase during nighttime and decrease
during daytime (Fig. 3b). This may be the combined result of diurnal cycles in emissions,
boundary-layer dynamics, and removal processes (e.g., precipitation). Fig. 3c presents a regional
map of the percentage of days when fungal spores contribute at least 50% of estimated total sodium

during the wet season.

Discussion
Overall, fungal spores dominated the number fraction of coarse mode in the Amazonia during
nighttime and in below-canopy samples, and half of the coarse mode particles are sodium-rich.
Previously, sodium-rich particles have been solely attributed to marine aerosol from the Atlantic
Ocean. Previous studies in different atmospheric environment show the presence of sodium in fine
mode and suggest potassium as a tracer for anthropogenic sodium®284344_Qbservations of our study
are fundamentally different. First, our study focuses on the coarse mode particles. Second, the
potassium observed in our study mostly originates from biological particles?? confirmed by their
unique and distinguishable morphology. Those particles were especially abundant during the wet
season when biomass burning is not a dominant source of particles in the basin. Remarkably, our
experimental and modeling results demonstrate that fungal spores emitted from the rainforest

biosphere contribute a major fraction to the sodium budget during wet season, while most of
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marine aerosol particles would be removed by wet deposition during transport. Fig. 4 illustrates
the sources and atmospheric processing of fungal spores. Hygroscopicity experiments indicate that
during cloud processing or high-humidity spores rupture and release submicrometer-to-
micrometer size salt fragments®®, further contributing to the sodium budget in accumulation mode
particles. This work highlights the potential importance of biological particles as a source of
sodium-salt particles in widespread tropical forests, and motivates the necessity of studies

investigating the chemistry of biological particles in other forested regions of the globe.
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Figure 1| Size distribution and particle-type classes. a, Representative SEM image (forward
scattered transmistted electron imaging mode) of particles collected at the ZF2 site in Amazonia.
Dark green arrows indicate Na-rich particles, blue arrow indicates a mixed sulfate and Na
containing particle with minor contributions of Na, and light green color arrows indicate other
types of particles, mostly internally mixed dust and biological particles. Scale bar is 5 um. b,
Nightime and daytime number fraction of different particle classes for particles collected above
canopy (A-canopy) and below canopy (B-canopy). c-f Size distribution of different particle

classes.
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images of the same biological particle: d, pre-edge (1070 eV), e, Na peak (1079 eV) and f, Na
optical density map. g-i, Representative NanoSIMS images of 2Na* of selected biological particles

showing various distributions of sodium within particles contours. Scale bars are 2 pum.
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in the Amazon area. a, Comparison of model-simulated and observed mean fungal spore
concentration at various ecosystem and geographical locations. All model-simulated values are
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and 1:10). The pink hexagonal point represents the measurement campaign (mean simulated fungal
spore concentration, Jan 26 — Feb 8, 2015, compared with observed fungal spore concentrations
during the same time period). The stars indicate points from literature measurements from tropical
rainforests. b, Sodium fraction from fungal spores in wet and dry season at the model’s nearest
grid point to the ZF2 tower, located at 2.84° S 60.0° W, in the model’s lowest (near-surface) layer.
White dots represent the median, thick lines represent 25-75 percentile, and thin vertical lines
represent the range of minimum and maximum value; violin plot represents a kernel density
estimate distribution of the sodium fraction values. Background shading indicates time of day, blue
represents night [1800-0600] and yellow represents day [0600-1800]. ¢, Percentage of days when
fungal spores contributed at least 50% of estimated total sodium in wet season, assuming that 70%
of fungal spores are sodium-rich, containing 13% sodium by mass, and sea salt aerosol is

composed of 30% Na by mass. Results for dry season are shown in Supplementary Fig. 12.
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Figure 4| Sources and atmospheric processing of fungal spore particles in the Amazon

rainforest. Sodium-containing and sodium-free fungal spore particles are emitted from the
Amazon rainforest. Sodium-containing fungal spores exhibit higher hygroscopic growth compared
to sodium-free fungal spores. When they are exposed to high humidity conditions, or through cloud
processing, fungal spore particles rupture and release submicrometer-to-micrometer size
fragments. A substantial fraction of the fragments which contains Na, Cl, and K, and appear
morphologically similar to dry sea salt particles. These hygroscopic salt fragments can participate

in cloud formation.
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Data Availability

All relevant data are available from the authors.
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Methods

Sampling Site and Sample Collection. Samples were collected during the wet season (January

and February, 2015) at the ZF2 Tower (02°35.3517" S, 60 06.8333" W), a pristine rainforest site in

Central Amazonia located 40 km North of Manaus margins. Samples were collected through a

sampling inlet located at a height of 2 meters (below canopy) and 39 m above ground (above

canopy), during day and night with 30 L/min sampling rate. Particles were collected onto 400 mesh
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transmission electron microscopy (TEM) grids coated with Carbon Type-B films (Ted Pella, Inc.),
silicon nitride membrane substrates (0.5 x 0.5 mm? SisNs window size, 100 nm membrane
thickness, 5 x 5 mm? Si frame size; Silson, Inc.). 10-stage Micro-Orifice Uniform Deposition
Impactors™ (MOUDI™; model 110-R, MSP, Inc.) were used for sampling. This study focuses on
the samples from stages 4 and 5 (size range: 1.0-3.2 um) where the relative abundance of biological
particles is high. All the experiments were performed with diligently. Samples were handled with
caution. For examples, tweezers were cleaned with solvents prior to handling the samples; new
gloves were used for handling of samples after each experiments. Examination of blank substrate
showed negligible contamination on the sample substrate (Supplementary Figure 14).
Investigation of particles from stages 6 and 7 (size range: 0.32-1.0 um) showed Na-containing
particles in stages 6 and 7 are significantly lower (Na-containing particle <15%) than particles on
stages 4 and (Supplementary Figure 15). This result suggest that high fraction of sodium-salt
particles are indeed from spores that were deposited on stages 4 and 5. Furthermore, sodium
content in spores was observed irrespective of different sample preparation and techniques (e.g.,

SEM/EDX, STXM and NanoSIMS).

Chemical imaging of particles. An environmental scanning electron microscope (ESEM, Quanta
3D model, FEI, Inc.) with an EDAX™ energy dispersive X-ray (EDX) spectrometer and a Si(Li)
detector with a 10 mm? active area and an ATW2 window was used under vacuum conditions for
imaging and X-ray microanalysis. Particles were imaged using secondary electron (SE) and
forward scattered transmitted electron (STE) signals. STE imaging mode was used for particle
identification and computer-controlled (CC) SEM/EDX analysis. X-ray spectrum for each
identified particle was acquired at an acceleration voltage of 20 kV and at a beam current of 430

pA for 10 seconds. The computer-controlled CCSEM/EDX analysis automatically investigates the
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specified scanning area and detects particles in the specified fields of view. In this way, we can
detect ~90% of the particles deposited on the grid. Particles collected on the edges (~5-10%) of
the Cu mesh were excluded from the results based on their high Cu background signal. We
analyzed ~80% of the particles that were collected onto TEM B-film grids placed on stages 4 and
5 of the impactor. Area equivalent diameters (AED) were calculated from the 2D projected area
recorded for each individual particle. Particle elemental composition was quantified and is reported
in units of atomic fractions. The percentage of sodium content in fungal spores was estimated using
the known mass fraction of spores® and carbon/sodium wt% from X-ray microanalysis. Carbon
content in spores ranges from 42-66%, with an average of 51%*. The average carbon/sodium wt%
in fungal spores is 4:1. The mass of the spores is estimated from the size distribution of microscopy

analysis and assuming a density of 1 gm cm3)1316,

STXM utilizes a focused soft X-ray beam generated from the synchrotron light source to
probe chemical bonding of specific elements of interest within individual particles. STXM images
are obtained by raster scanning the sample at fixed photon energy and recording intensities of the
transmitted X-rays at each pixel. The optical density (-In(I(a)/lo) is calculated based on the
measured intensity (lg) using Beer-Lambert’s law %6, Transmission intensity through a particle free
region of the substrate is used to obtain lo.

The hygroscopicity of biological particles was investigated using a temperature-controlled
cooling stage in the environmental SEM to estimate the area growth factor (ratio of wet-to-dry
diameters) and a microreactor for in situ STXM hydration experiments?’ to estimate the mass

growth factor (ratio of wet-to-dry oxygen mass).
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Nano secondary ion mass spectrometry (NanoSIMS, CAMECA 50L, Gennevilliers Cedex,
France) was used to perform imaging of Na+ ions. NanoSIMS provides high lateral resolution.
Samples were coated with a thin layer of Au to minimize charging and non-equilibrium sputtering
effects during analysis. A 16 keVV O™ primary ion beam was used for analysis. Prior to data
collection, samples were pre-sputtered with about 10'® O" ions cm?. Analysis of 15 pm x 15 pm
and 256 px x 256 px were performed with a dwell time of 13.5 ms px™. Beam diameter was

estimated to be about 250 nm.

Community Atmosphere Model Description. Fungal spore emissions were calculated according
to the global model parameterization of Heald and Spracklen*’. While this parameterization has
substantial uncertainties, it was developed on the basis of observed mannitol concentrations from
various continental locations and seasons; about half of these observations were from PM2.5
aerosol collected in the tropical Brazilian rainforest during the wet season, where concentrations
were 2-3 times higher than those reported at extratropical locations3. Therefore, we believe the
parameterization can be used with greater confidence in the Amazonian rainforest, particularly

during the wet season, than at other times and locations.

A simulation for present-day conditions was performed using the Community Atmosphere Model
(CAMS)*8, which is the atmosphere component of the Community Earth System Model (CESM,
version 1.2.1)*. The model was configured at a horizontal resolution of 1.9° latitude by 2.5°
longitude, with 30 vertical layers ranging from the surface to 2.26 hPa. The simulation was
performed from March 2014 to March 2015 with constrained meteorology *°,where model winds

are nudged toward the MERRA reanalysis®! with a relaxation time of 6 hours*!.
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The model tracks the emissions and concentrations of six chemical species of aerosol: sea salt,
dust, sulfate, secondary organic aerosol (SOA), black carbon (BC) and continental primary organic
aerosol (POA). Aerosol transport and microphysics, including nucleation, condensation, and
coagulation, is calculated within a modal aerosol module with three size classes (MAM3)>2,
including the Aitken mode (dry diameter size range of 0.02—0.08 um), accumulation mode (0.08—
1.0 um), and coarse mode (1.0—10.0 pm). Sea salt aerosol emission follows Martensson et al®® for
small particles (diameter < 2.8 um), while emissions of larger particles (diameter > 2.8 um) follow
Monahan et al®*. The simulated sea salt budget was evaluated in Liu et al®? and falls within the
AeroCom values®>; the modeled global sea salt emission flux is within the range of 2200 ~ 118,000
Tg yr! using different sea salt source functions. A detailed description of the model’s aerosol

removal processes can be found elsewhere?®,

Fungal spores were emitted into the model’s coarse mode, and are removed by wet and dry
deposition in the same manner as other aerosol species. Upon emission both fungal spore mass
and coarse mode number are increased, with the mass-to-number ratio for emissions determined
by assuming that fungal spores have 4 um diameter upon emission. The model’s coarse mode
particle number concentration also includes number contributions from other aerosol species,
which are treated as internally mixed within the coarse mode, and the particle diameter is
calculated dynamically by the aerosol microphysics routines from the total coarse mode aerosol
mass and number, and a fixed geometric width. Fungal spores were assigned the same optical
properties as the model’s organic carbon tracer, which is close to the observed refractive indices
of fungal spores (1.4-0i)%°. Fungal spores were assigned a material density of 1 g cm™3, which is

commonly used in literature®*!®. Fungal spores were assigned a hygroscopicity parameter () of
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642 0.1, similar to that of pollen grains®. The observed overall « value for ambient below-canopy
643  aerosol in the Amazon is 0.22+0.05 in the accumulation mode, with an overall mean value of

644  k=0.17+0.06".
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Reviewers' comments:

Reviewer #1 (Remarks to the Author):

This paper reports that fungal spores are major sources of particle sodium, with size distributions
and properties that are similar to that from sea salt particles. This is a new finding that will be of
broad interest and certainly justifies publication in Nature Communications. Given the importance
of understanding the role of particles in cloud formation and particles, which impacts climate, this
will definitely influence thinking in the field.

The paper is very well-written and documented, and this reviewer has essentially no substantiative
comments or suggestions to make. A very (!!) minor suggestion is to add to the description of
Supplementary Figure 9 the same description as for Figure 3b, since it is an unusual (but effective)
way to present data.

Reviewer #2 (Remarks to the Author):

1. The major claim of the paper is that sodium salts present in atmospheric aerosols arise from
fungal spores. Fungal spores represent a salt source that has previously not been reported.
This is a fascinating source. However, the manuscript's assessment of the importance of this
finding is not supported by previous literature or clear explanations. Regarding previous literature,
the abstract states, "In sharp contrast with the assumption that sodium-containing aerosols arise
solely from marine sources,..." This statement is simply not true. There is a wealth of papers on
non-marine sources of sodium salts in aerosols.

2. More problematically, while the observation of salts arises in fungal spores in interesting in its
own right, the manuscript in its present form does not provide an adequate explanation or even
compelling suggestions for how/when/under what circumstances or via what mechanism the salt
in incorporated into some, but not all, spores. If an insightful discussion were included, | would
rate this manuscript much more positively. As written, it is lacking.

3. A second finding is that spores which contain salt are more hygroscopic than those which do
not. While I'm not aware of any previous results on precisely this topic, it is very well known that
salts are deliquescent materials whereas organic macromolecules and other organic compounds
found in spores are not. So, this result is very obvious.

A minor point —

4. According to Figure 3, the Na fraction for fungal spores is estimated to be between 0.1 and 1.0
(i.e. nearly any value in the early hours, and later in the day transitions to an even wider spread in



possible fractions. I may be missing something, but I don't find this result to be a significant
finding.

5. In summary, the authors have one potentially interesting surprising field observation in the
Amazon. However, additional consideration of how this may arise is needed before | could
recommend publication.

Reviewer #3 (Remarks to the Author):

China et al. present new multi-instrument observations of the sodium content of fungal spores in
the Amazon basin, and use those in combination with backward trajectories and earth system
model simulations to suggest that the fungal spores are the main source of sodium containing
particles in the wet season.

The major claims of the paper are as follows:

1. Fungal spores contribute significantly to particle-sodium in the Amazon, contributing at least
30% by number of sodium salt containing particles

2. Sodium-containing fungal spores show higher hygroscopic growth than sodium-free spores
3. Fungal spores account for ~62% of sodium mass during the wet season, according to model
simulations

4. Therefore, the role of fungal spores in cloud formation and salt cycles in the Amazon deserves
further consideration

The claims in the MS are significant and novel. The two closest papers known to me, one from
(partly) the same research group, discuss that 1) K-rich bio-aerosols are seeds for SOA formation,
but the paper does not mention Na-containing particles (Poehlker et al. 2010) and 2) that when
spores rupture at high RH, fungal fragments that contain Na salts are released, but the paper does
not quantify Na-content of the particles nor their contribution to the particle Na-budget over
Amazonia (China et al. 2016).

The results are of interest to others in the community, since they give 1) new insight into Na-
budget of the Amazon from a source that was not considered previously and 2) they add a new line
of thought to the debate on sources of cloud-active particles in Amazon, which is a long-standing
problem.

The results are of interest to the wider field, because this work adds a new aspect to the
understanding of biogeochemical cycles in the Amazon rainforest, and how the forest itself
sustains biogeochemical and hydrological recycling. Especially the role of fungal spores therein is
one that has not received much attention so far, and this work is likely to start a further debate on
this topic.



The MS is clearly structured and generally convincing, but I think it could profit from some further
clarifications:

1) Since | am not familiar with the instruments that are used, | cannot judge the quality of the
experimental work. However, | think the MS would benefit from a short explanation of the
sampling procedure: are all coarse particles identified that were sampled? How is it determined
that a particle is a fungal spore and not another kind of PBA (e.g. bacterium or pollen)? Is this
done based on size, morphology or otherwise? A brief description could be added, for instance in
L107.

2. The estimate of the contribution of spores to the Na-budget, depends on two factors which are
very uncertain: local emissions of fungal spores and transport of sea salt aerosol into the Amazon
basin. | think the fungal spores emissions are constrained reasonably well by the observations of
their concentration, which the model seems to underestimate somewhat. However, if global
emission estimates of sea salt span 2 orders of magnitude, how reliable is the estimate of sea salt
aerosol transported into the Amazon basin, with no direct observations available for validation?
Can the authors provide an estimate of the uncertainty in the sea salt contribution to the particle
sodium budget? This could provide a bit more context to the number of 62% of total sodium mass
that is now assigned to fungal spores.

Minor comments:

1. Title: Since the main finding is that fungal spores contribute significantly to sodium salt
particles, why not mention this in the title, for instance: ‘Fungal spores as source of sodium salt
particles in the Amazon basin’

2. L.29-30: pls add that this is the case for the wet season

3. In L52-53, you state that marine aerosol is considered the main source of coarse aerosol,
whereas in L213 you state that fungal spores dominate the coarse mode. It would be good to
clarify what is actually meant by dominate: mass, number? And to briefly include the evidence
for the statement in L213.

4. L107: how many particles were sampled and how was it ascertained that they are representative
for the wet-season coarse aerosol? And how was a particle identified as a fungal spore? Was every
collected particle in the sampling periods in Supp. Table 2 classified?

5. L.180: since the back trajectories and rain records are based on reanalysis data, | would not refer
to them by ‘observations’ here, but rather by ‘simulations’

6. L190-191: could you clarify here where the percentages of 70 and 13% for sodium rich-spores
and spore sodium mass, respectively, are based on?

7. L.208-209: how would nighttime emissions or a shallow nocturnal boundary layer explain that
the Na fraction from spores drops only after noon, and not in the early morning at the onset of



turbulence? Besides, the violin plots in figure 3 seem to show bimodal distributions for the Na
fraction from fungal spores for each time of the day. What is the reason for that?

8. L217: ‘a major fraction to the sodium budget’: please add here that this is for the wet season

9. L533-534: which size distribution was assumed for the spores? Within the range of the model
coarse mode (1-10 micron), the assumed size can make large differences for the efficiency of the
wet and dry removal

10. Supp. Fig. 9: It seems that the same violin plot is show twice: the plot looks very similar to
that in Fig. 3 and the title says ‘wet season’ while the figure is for the dry season. Please include
the right plot for the right season.

11. Technical corrections/suggestions:- L32: pls remove ‘we’

12. L50; similar to concentration of marine air -> similar to concentrations of coarse mode
particles in marine air

13. L57: has -> have and is -> are

14. L94: modeling studies -> model simulations

15. L94: ‘potential contributions of spores’: contributions to what?

16. Fig. 1, caption: representative is misspelled

17. Supp. Table 1: Samples 3A and 3B have an end time prior to the start time
18. Supp. Fig. 3: C/Na -> Cl/Na

Reply to the Reviewer’s comments (NCOMMS-17-33311-T)
Reviewer #1 (Remarks to the Author):

This paper reports that fungal spores are major sources of particle sodium, with size distributions
and properties that are similar to that from sea salt particles. This is a new finding that will be of
broad interest and certainly justifies publication in Nature Communications. Given the importance
of understanding the role of particles in cloud formation and particles, which impacts climate, this
will definitely influence thinking in the field.

The paper is very well-written and documented, and this reviewer has essentially no substantiative
comments or suggestions to make. A very (!!) minor suggestion is to add to the description of
Supplementary Figure 9 the same description as for Figure 3b, since it is an unusual (but effective)
way to present data.

We appreciate the positive response of the reviewer regarding the novelty and importance of the
findings reported in the manuscript and for recommending the manuscript for publication. As
suggested, we added more detailed description of Supplementary Figure 9 in the caption.



“White dots represent the median, thick lines represent 25-75 percentile, and thin vertical lines
represent the range of minimum-to-maximum values; violin plot represents a kernel density
distribution of the sodium fraction values. Background shading indicates time of day, blue
represents night [1800-0600] and yellow represents day [0600-1800].”

Reviewer #2 (Remarks to the Author):

1. The major claim of the paper is that sodium salts present in atmospheric aerosols arise from
fungal spores. Fungal spores represent a salt source that has previously not been reported.
This is a fascinating source. However, the manuscript's assessment of the importance of this
finding is not supported by previous literature or clear explanations. Regarding previous literature,
the abstract states, "In sharp contrast with the assumption that sodium-containing aerosols arise
solely from marine sources,..." This statement is simply not true. There is a wealth of papers on
non-marine sources of sodium salts in aerosols.

We agree that fungal spores are a fascinating source of sodium salt particles in Amazonia. Sodium
content in atmospheric aerosol is primarily attributed to sea water, especially the coarse mode
particles. However, as the reviewer pointed out, there are also non-marine sources of sodium salts
in atmospheric aerosols. For example, Ooki et al* observed the existence of anthropogenic sodium
in fine mode aerosol particles in urban air. Ooki et al' suggested potassium as a tracer for
anthropogenic sodium. Mamane? found presence of sodium and potassium in submicron particles
from waste incinerators emissions. Another study conducted in the metropolitan area of S&o Paulo
by Bourotte et al.® found K/Na ratio of 1.4 and 0.9 for coarse and fine particles respectively and
they attributed this particles to waste incineration and vehicles. Most of these studies show the
presence of sodium in fine mode and suggest potassium as a tracer for anthropogenic sodium.
Observations of our study are fundamentally different. First, our study focuses on coarse mode
particles. Second, the potassium observed in our study mostly originates from biological
particles?, especially during the wet season when biomass burning is not a dominant source in the
basin.

To clarify these details, we modified the sentence and the manuscript (as suggested by Reviewer
3) to reflect that our main finding is that fungal spores contribute to sodium salt particles in the
Amazon basin.

“In contrast to the common assumption that sodium-containing aerosols are primarily arise from
marine sources, our results suggest that locally-emitted fungal spores containing sodium
contribute substantially to the number and mass of coarse particles containing Na and CI (similar
to sea salt).”

We adopted the title proposed by reviewer 3.



“Fungal spores as a source of sodium salt particles in the Amazon basin”

2. More problematically, while the observation of salts arises in fungal spores in interesting in its
own right, the manuscript in its present form does not provide an adequate explanation or even
compelling suggestions for how/when/under what circumstances or via what mechanism the salt
in incorporated into some, but not all, spores. If an insightful discussion were included, | would
rate this manuscript much more positively. As written, it is lacking.

In the original manuscript we provided basic information (lines: 167-172) regarding the nature for
sodium content in fungal spores. To address the reviewers concerns, in the revised manuscript we
provided more detailed discussion on this topic.

The following text was added in the revised manuscript (lines: 172-190).

“The presence of sodium is common in so called halophilic fungi which cannot grow without
NaCl®. Active discharge, uptake, and efflux processes are likely responsible for the sodium content
in the spores and sodium content may vary with different classes and genera of fungi. During
active discharge, fungi forcibly eject spores into the atmosphere, together with osmotic fluid
containing hexoses, mannitol, phosphate, sodium, and potassium*6. Fungi require K* for
electrical and osmotic equilibria of the cells and presence of K* in several fungal spores is well
understood’. Previous studies suggested that K* can be partially replaced by Na* and Na* can
enhance the growth of fungi® and plants® under K* deficiency conditions. The growth of fungi and
uptake of Na* varies with their physiological conditions and uptake rates depend on the species
and their genes'®. For example, specific genes (e.g., acul and acu2) are responsible for high-
affinity Na* uptake of Ustilago maydis. When fungi contain excess Na*, they activate Na*-efflux
ATPase (Adenosinetriphosphatase), which acts as a key enzyme for the biological evolution of
fungit!. We suggest that uptake and efflux of Na* varies with different classes and genera of fungal
community. For example, previous studies in Amazonia shows several genera (e.g., Agaricus;
Amanita; Aspergillus; Boletus; Cladonia; Mortierella; Puccinia; Lepsita; and Rhizopus) within
one class of fungi (Lecanonomycetes)'>*3. Furthermore, the transpiration of plants** and nutrient
uptake!® can also influence the sodium content of spores. Further studies are needed to better
comprehend the sodium content in fungal spores by linking chemical composition, molecular
biology and diversity of fungal spores.”

3. A second finding is that spores which contain salt are more hygroscopic than those which do
not. While I'm not aware of any previous results on precisely this topic, it is very well known that
salts are deliquescent materials whereas organic macromolecules and other organic compounds
found in spores are not. So, this result is very obvious.

Indeed, it is expected that sodium-containing spores are more hygroscopic that those without
sodium. Even if the growth factors are similar for sodium chloride particles and sodium containing
spores, it is interesting to note that growth factors of NaCl and sodium-containing spores are
different at relative humidity between 70 and 96%. Notably, variations in the hygroscopicity are



associated with variations in the chemistry of these spores. We believe this finding is important
and worth discussing in the manuscript.

A minor point —

4. According to Figure 3, the Na fraction for fungal spores is estimated to be between 0.1 and 1.0
(i.e. nearly any value in the early hours, and later in the day transitions to an even wider spread in
possible fractions. | may be missing something, but I don't find this result to be a significant
finding.

We believe Figure 3b provides important contextual information to help readers understand the
temporal variability in the simulated fungal spore contribution to sodium, near the measurement
site. Considering the high temporal variability of aerosol particle concentrations, including the
simulated sea salt and fungal spores in this study (Supplementary Figure 11), it is not surprising
that the relative contribution of fungal spores to total sodium mass spans a wide range of values.
Figure 3b shows that from midnight to noon, the wet season median contribution of fungal spores
to Na ranges from about 0.5 to 0.6. This implies that fungal spores are the dominant contributors
of Na on the majority of days at these times. By contrast, from 3 pm to 9 pm, however, the median
ranges from 0.15 to 0.3, and the dry season median fungal spore fraction ranges between only
about 0.1 and 0.2 (Supplementary Figure 11). In other words, the model helps contextualize the
limited number of observations, by identifying the circumstances under which the fungal spores
are predicted to contribute the majority to simulated boundary-layer Na at the site: specifically,
during the late night and early morning hours of the wet season.

5. In summary, the authors have one potentially interesting surprising field observation in the
Amazon. However, additional consideration of how this may arise is needed before I could
recommend publication.

We appreciate the comments and suggestions provided by the reviewer. As outlined in the response
to the comments 2, in the revised manuscript we expanded the discussion substantially regarding
the presence of sodium in fungal spores. In addition, the observation of sodium in fungal spores is
on samples from a range of different days.

Reviewer #3 (Remarks to the Author):

China et al. present new multi-instrument observations of the sodium content of fungal spores in
the Amazon basin, and use those in combination with backward trajectories and earth system
model simulations to suggest that the fungal spores are the main source of sodium containing
particles in the wet season.

The major claims of the paper are as follows:



1. Fungal spores contribute significantly to particle-sodium in the Amazon, contributing at least
30% by number of sodium salt containing particles

2. Sodium-containing fungal spores show higher hygroscopic growth than sodium-free spores
3. Fungal spores account for ~62% of sodium mass during the wet season, according to model
simulations

4. Therefore, the role of fungal spores in cloud formation and salt cycles in the Amazon deserves
further consideration

The claims in the MS are significant and novel. The two closest papers known to me, one from
(partly) the same research group, discuss that 1) K-rich bio-aerosols are seeds for SOA formation,
but the paper does not mention Na-containing particles (Poehlker et al. 2010) and 2) that when
spores rupture at high RH, fungal fragments that contain Na salts are released, but the paper does
not quantify Na-content of the particles nor their contribution to the particle Na-budget over
Amazonia (China et al. 2016).

The results are of interest to others in the community, since they give 1) new insight into Na-
budget of the Amazon from a source that was not considered previously and 2) they add a new line
of thought to the debate on sources of cloud-active particles in Amazon, which is a long-standing
problem.

The results are of interest to the wider field, because this work adds a new aspect to the
understanding of biogeochemical cycles in the Amazon rainforest, and how the forest itself
sustains biogeochemical and hydrological recycling. Especially the role of fungal spores therein is
one that has not received much attention so far, and this work is likely to start a further debate on
this topic.

We appreciate the reviewers’ careful reading of our manuscript and providing us positive
feedbacks.

The MS is clearly structured and generally convincing, but I think it could profit from some further
clarifications:

1) Since | am not familiar with the instruments that are used, | cannot judge the quality of the
experimental work. However, | think the MS would benefit from a short explanation of the
sampling procedure: are all coarse particles identified that were sampled? How is it determined
that a particle is a fungal spore and not another kind of PBA (e.g. bacterium or pollen)? Is this
done based on size, morphology or otherwise? A brief description could be added, for instance in
L107.

Initially, due to space constraints, we couldn’t provide details on the methods used for identifying
the fungal spores in the manuscript. Typically fungal spores are 1-6um, while pollen grains are
larger in size (5—150 um), bacteria are smaller (<1um) and typically elongated in shape. As we
selected only impactor stages 4 and 5 (aerodynamic diameter range: 1.0-3.2 um) for this study, the
fraction of bacteria and pollen is almost negligible. We also refer to our previous publication
(China et al., 2016) where we described identification of fungal spores.



To address reviewer’s comment, we moved portion of text from the methods section to the main
manuscript and provided additional explanations

“The fraction of fungal spores was quantified based on their unique characteristic morphologies
(spherical, rod-like or spheroidal in shape), size (1-6 um), and chemical composition (mostly
carbonaceous and containing phosphorous) by electron microscopy imaging and X-ray
microanalysis of over 3500 individual particles. Details of the fungal spore identification method
are provided elsewhere?. ”

We added the following text in the method section

“The computer-controlled CCSEM/EDX analysis automatically investigates the specified
scanning area and detects particles in the specified fields of view. In this way, we can detect ~90%
of the particles deposited on the grid. Particles collected on the edges (~5-10%) of the Cu mesh
were excluded from the results based on their high Cu background signal. We analyzed ~80% of
the particles that were collected onto TEM B-film grids placed on stages 4 and 5 of the impactor.”

2. The estimate of the contribution of spores to the Na-budget, depends on two factors which are
very uncertain: local emissions of fungal spores and transport of sea salt aerosol into the Amazon
basin. | think the fungal spores emissions are constrained reasonably well by the observations of
their concentration, which the model seems to underestimate somewhat. However, if global
emission estimates of sea salt span 2 orders of magnitude, how reliable is the estimate of sea salt
aerosol transported into the Amazon basin, with no direct observations available for validation?
Can the authors provide an estimate of the uncertainty in the sea salt contribution to the particle
sodium budget? This could provide a bit more context to the number of 62% of total sodium mass
that is now assigned to fungal spores.

The reviewer is correct that the model emission estimates of the sea salt are uncertain.

To address this, we compared model estimates of atmospheric sea salt concentration with observed
values at few coastal and remote island sites to investigate the fidelity of the model estimates of
sodium from sea-salt. We have added a scatterplot comparing observed sodium mass concentration
with model-simulated mass sodium mass concentration from sea-salt, together with a global map
(Supplementary figure 9) of measurement sites.

We added the comparison of model-simulated and measured sodium mass (Supplementary figure
10) and added the following text.
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means of all available years from the AEROCE/SEAREX observational dataset
(http://aerocom.met.no/databenchmarks.html)!”-2°, collected at sampling sites shown in
Supplementary Figure 8. Note that to ensure a representative comparison, this analysis has
excluded sites in the measurement network that sampled aerosol only for certain wind directions
(sectored sampling). The solid line represents the 1:1 line, and the dashed lines represent an
over-or under-estimate of a factor of two (2:1 and 1:2).

“Comparison between model-estimated and measured sodium mass concentrations from sea salt
emissions from various geographical locations at the coastal and island sites (Supplementary
Figure 9) are illustrated in Supplementary Figure 10. The model estimates of sodium mass
concentrations are approximately a factor of two higher than observations at many of the
measurement sites; the measurements used in this analysis were all collected at coastal and island
locations in the Southern hemisphere, between 20 and 70 S. It is interesting to note that
measurements at the remote sites (e.g., Antarctica) are in good agreement with the estimated
mass.

“We calculate approximate upper and lower bounds for the fungal spore contribution to the total
sodium mass by varying fungal spore mass concentrations by a factor of ten and sea salt mass
concentrations by a factor of two. On average, fungal spores are estimated to contribute 69% (31-
95%) of sodium during the wet season. However, the level of confidence in fungal spore estimates
is arguably higher for the Amazon, since the emissions parameterization was originally developed
based primarily on measurements from the Amazon and other tropical rainforests, and simulated
fungal spore number concentrations agree with measurements at the Amazonia site within a factor
of two. Assuming a factor of two uncertainty bounds for fungal spore concentrations, their
estimated contribution to sodium mass would range between 51-84%.

We would also like to note that the sodium mass fraction in sea salt in the original manuscript was
underestimated. The sodium mass has been corrected (30% sodium in sea-salt)®® and all values
recalculated. The revised model estimate of fungal spore contribution to the total sodium mass is
69% during wet season.

Minor comments:

1. Title: Since the main finding is that fungal spores contribute significantly to sodium salt
particles, why not mention this in the title, for instance: ‘Fungal spores as source of sodium salt
particles in the Amazon basin’

Based upon the reviewer’s suggestion the title is changed to

“Fungal spores as a source of sodium salt particles in the Amazon basin”

2. L29-30: pls add that this is the case for the wet season



We modified the sentence to clarify that the finding is valid for wet season.

“.we show that fungal spores emitted by the forest biosphere contribute to at least 30% (by
number) of sodium salz particles observed in the central Amazon basin during the wet season.”

3. In L52-53, you state that marine aerosol is considered the main source of coarse aerosol, whereas
in L213 you state that fungal spores dominate the coarse mode. It would be good to clarify what
is actually meant by dominate: mass, number? And to briefly include the evidence for the statement
in L213.

When we state that marine aerosol is considered the main source of coarse aerosol, we meant this
was a common assumption, in contrast to our measurements. We meant that fungal spores
dominate the coarse mode by number in below-canopy air, and at night, based on our microscopy
observations. Fractions of fungal spores are provided in lines 113-116:

“During sampling, the number fraction of fungal spores was higher below the canopy (~60%) than
above the canopy (~38%) and higher during night (~52%) than day (~37%).” Figure 1b
demonstrate the number fraction of Na-rich particles.

We modified the sentence as follows (lines: 254-255).

“Overall, fungal spores dominated the number fraction of coarse particles in the Amazonia during
nighttime and in below-canopy samples, and half of the coarse particles are sodium-rich.”

4. 1L.107: how many particles were sampled and how was it ascertained that they are representative
for the wet-season coarse aerosol? And how was a particle identified as a fungal spore? Was every
collected particle in the sampling periods in Supp. Table 2 classified?

As explained in the reply to the comment 4, we added the information of total number of particles
in the main text (line: 111).

“The fraction of fungal spores was quantified .....by electron microscopy imaging and X-ray
microanalysis of over 3500 individual particles.”

Approximately 80% of the particles that were collected in the sampling period mentioned in the
SI Table 2 were classified (see detailed reply in comment 1). We added the number of particles
analyzed per sample in the supplementary table. We sampled particles for different durations
(~2.5-8 hours) with varying duty cycles to get representative samples both during day- and night-
time. We also performed back-trajectory analysis throughout the wet season and overall transport
is similar to the transport pattern of airmass that was sampled during our sampling time. In
addition, to better understand the representativeness of the analyzed particles with respect to the
total particle population, we performed statistical analysis (applying binomial distribution)?* to
estimate the particle sample size of the particle population with given confidence interval (99%)
and margin of error. We revised supplementary table 1 to reflect that samples particles are
representative of the particle population with 99% confidence interval, and added the margin of
error during each of the sampling periods.



As explained in the reply to the comment 1, we have provided additional text (lines: 108-112) in
the main manuscript explaining the methods used for identification of fungal spores.

5. L180: since the back trajectories and rain records are based on reanalysis data, | would not refer
to them by ‘observations’ here, but rather by ‘simulations’

We changed the sentence to make it clear.

“Hence, these findings support the dominance of locally-emitted spores in the Amazon basin
during this study.”

6. L190-191: could you clarify here where the percentages of 70 and 13% for sodium rich-spores
and spore sodium mass, respectively, are based on?

We added the following sentences in the revised manuscript to clarify our results (lines: 536-540)

“The percentage of sodium content in fungal spores was estimated using the known mass fraction
of spores?? and carbon/sodium wt% from X-ray microanalysis. Carbon content in spores ranges
from 42-66%, with an average of 51%?2. The average carbon/sodium wt% in fungal spores is 4:1.
The mass of the spores is estimated from the size distribution of microscopy analysis and assuming
a density of 1 gm cm®)?224

Our estimation of 70% represents an upper bound. In the revised manuscript we provide a
sensitivity analysis where we use different fractions (e.g., 30% and 50%) of sodium-containing
fungal spores estimated from the samples. We add a modeled time series plot of sodium mass
contributed by fungal spores assuming 30% and 50% sodium-rich spores in the sample
(Supplementary Figure 13). We added few lines (242-245) to present this sensitivity analysis.

“We performed a sensitivity analysis by assuming either 30% or 50% of fungal spores to be
sodium-rich. When applying these different assumptions to the model simulations, fungal spores
account for 58% (21-90%) or 65% (27-93%) of the total simulated sodium mass during the wet
season (Supplementary Fig. 13).”
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Supplementary Figure 9. Modeled time series of sodium mass contribution from fungal spores
assuming different number fractions of sodium-rich spores. Modeled time series (March 2014 —
Feb 2015) of sodium mass percentage contributed by fungal spores assuming a) 30% and b) 50%
of spores are sodium-rich.

7. L208-209: how would nighttime emissions or a shallow nocturnal boundary layer explain that
the Na fraction from spores drops only after noon, and not in the early morning at the onset of
turbulence? Besides, the violin plots in figure 3 seem to show bimodal distributions for the Na
fraction from fungal spores for each time of the day. What is the reason for that?

We suggest that there may be residual particles from the night time emissions that can contribute
to the sodium fraction from fungal spores beyond the onset turbulence. It is also possible that high
relative humidity throughout the day may be responsible for the higher fraction of fungal spores
in the late morning. We added the following senescence in the manuscript.

“This may be the combined result of diurnal cycles in emissions, boundary-layer dynamics, and
removal processes (e.g., precipitation).”



The bimodal distribution of the fractional contribution (as seen on the violin plots) is a reflection
of the strong variability in simulated sea salt mass concentrations at the site. As a consequence of
this variability, most of the time, simulated values of sea salt sodium mass are either much greater
or much less than fungal spore sodium mass. Since fractional contributions are presented here, the
values cluster in the upper and lower portions of the range 0-1.

8. L217: ‘a major fraction to the sodium budget’: please add here that this is for the wet season
We clarified that the statement is for the wet season.

“Remarkably, our experimental and modeling results demonstrate that fungal spores emitted from
the rainforest biosphere contribute a major fraction to the sodium budget during wet season...”

9. L533-534: which size distribution was assumed for the spores? Within the range of the model
coarse mode (1-10 micron), the assumed size can make large differences for the efficiency of the
wet and dry removal

We added the following lines to clarify the size distribution used in the model.

“Upon emission both fungal spore mass and coarse mode number are increased, with the mass-
to-number ratio for emissions determined by assuming that fungal spores have 4 um diameter upon
emission. The model’s coarse mode particle number concentration also includes number
contributions from other aerosol species, which are treated as internally mixed within the coarse
mode, and the particle diameter is calculated dynamically by the aerosol microphysics routines
from the total coarse mode aerosol mass and number, and a fixed geometric width.”

10. Supp. Fig. 9: It seems that the same violin plot is show twice: the plot looks very similar to
that in Fig. 3 and the title says ‘wet season’ while the figure is for the dry season. Please include
the right plot for the right season.

By mistake we placed the wet season plot. We incorporated the correct dry season plot in the
revised manuscript.

11. Technical corrections/suggestions:- L32: pls remove ‘we’

Done.
12. L50: similar to concentration of marine air -> similar to concentrations of coarse mode particles
in marine air

Corrected.

13. L57: has -> have and is -> are



Corrected.

14. 1L.94: modeling studies -> model simulations

Done.

15. L94: ‘potential contributions of spores’: contributions to what?

Corrected.

16. Fig. 1, caption: representative is misspelled

Corrected.

17. Supp. Table 1: Samples 3A and 3B have an end time prior to the start time

Corrected

18. Supp. Fig. 3: C/Na -> Cl/Na

Corrected.
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Reviewer #2 (Remarks to the Author):

As | pointed out in my initial review, there are many non-marine sources of sodium salts, which
the manuscript failed to discuss. It is frustrating to me that the authors acknowledge this fact in
their response and yet refuse to improve the text accordingly. A number of relevant references are
missing. In fact, the authors discuss a number of these in their rebuttal but don’t include them in
the revised text. | find the manuscript seriously lacking in this regard. It is a serious problem in the
discussion and introduction. It would seem that the authors are concerned that once the proper
references are cited, the novelty of their manuscript will fall beneath the high standards of Nature.
Additionally, failure to acknowledge and discuss Na sources is a weakness in the estimates of how
much salt in the Amazon comes from marine sources. | appreciate the effort in revising and adding
the modeled estimates of sources. However, that section is very simplistic and | question the merit
of conclusions drawn from it. Also, the authors state in their response that other Na sources in
acrosol are “completely different” because they are small sized aerosols, whereas fungal spores
are in the coarse mode. This statement is contradictory to the discussion in the manuscript text that
describes the bursting of fungal spores and generation of smaller aerosol as a major reason that
fungal spores have climatic relevance. What is known in the literature about the concentration of
NaCl in spores? | suspect that a lot more work has been conducted that is not cited here.

The experimental details are sparse. My concern that the highly variable present of salt may simply
be a function of operator error (and the occasional contamination of some samples through contain
with human skin or contaminated (or re-used) laboratory gloves. | note that another reviewer
requested additional details, and the authors chose not to include them, but rather to refer readers
to a previous manuscript. | appreciate the limitation of space, but this does not help to eleviate my
concern that the experimental results are artifacts rather than new findings.

Reviewer #3 (Remarks to the Author):

The authors have appropriately addressed the comments of me and the other two reviewers. | only
have one (very minor) comment on the revised version of the MS: in the main text (lines 236-256),
the authors discuss the uncertainty in the 69% contribution of fungal spores to sodium mass, due
to assumptions on spore sodium content and sea salt contribution. I would like to see this
uncertainty reflected in the number that is given in the abstract, so could you please indicate the
uncertainty range there (line 36)?

My recommendation is therefore to publish the paper after this minor revision.



Reply to the Reviewer’s comments (NCOMMS-17-33311A)

Reviewer #2 (Remarks to the Author):

As | pointed out in my initial review, there are many non-marine sources of sodium salts, which
the manuscript failed to discuss. It is frustrating to me that the authors acknowledge this fact in
their response and yet refuse to improve the text accordingly. A number of relevant references are
missing. In fact, the authors discuss a number of these in their rebuttal but don’t include them in
the revised text. | find the manuscript seriously lacking in this regard. It is a serious problem in the
discussion and introduction. It would seem that the authors are concerned that once the proper
references are cited, the novelty of their manuscript will fall beneath the high standards of Nature.
Additionally, failure to acknowledge and discuss Na sources is a weakness in the estimates of how
much salt in the Amazon comes from marine sources. | appreciate the effort in revising and adding
the modeled estimates of sources. However, that section is very simplistic and | question the merit
of conclusions drawn from it. Also, the authors state in their response that other Na sources in
aerosol are “completely different” because they are small sized aerosols, whereas fungal spores
are in the coarse mode. This statement is contradictory to the discussion in the manuscript text that
describes the bursting of fungal spores and generation of smaller aerosol as a major reason that
fungal spores have climatic relevance. What is known in the literature about the concentration of
NaCl in spores? | suspect that a lot more work has been conducted that is not cited here.

In response to the reviewer’s request, we added relevant text in the introduction as noted below
(lines: 58-68). Regarding the bursting of fungal spores and generation of smaller particles, we
suggest that total contribution of sodium budget from fungal spores can be even lager because we
didn’t take into account the smaller particles in this study. This study focuses solely on the coarse
mode particles and reported results from samples collected on stages 4 and 5 (size range: 1.0-3.2
pum) where the relative abundance of biological particles is high.

“This study shows locally emitted fungal spores of coarse super-micrometer size contribute
considerably to sodium salt particles in the Amazon basin during wet season. While previous
studies reported non-marine sources of sodium salts in fine particles, sodium-containing coarse
particles have been attributed typically to sea-salt. Specifically, Ooki et al* observed the existence
of anthropogenic sodium in fine mode (<1.1 um) aerosol particles in urban air. Ooki et al'
suggested potassium as a tracer for anthropogenic sodium in submicron size (0.43um) particles.
Mamane? found presence of sodium and potassium in <1 um particles from waste incinerators
emissions. Another study conducted in the metropolitan area of Sdo Paulo found K/Na ratio of 1.4
and 0.9 for coarse (>2.5 um) and fine (<2.5um) particles respectively and they attributed this
particles to waste incineration and vehicles®.”

We added the following text in the discussion (lines: 268-273)

“Previous studies in different atmospheric environment show the presence of sodium in fine mode
and suggest potassium as a tracer for anthropogenic sodium!=. Observations of our study are
fundamentally different. First, our study focuses on the coarse mode particles. Second, the
potassium observed in our study mostly originates from biological particles® confirmed by their



unique and distinguishable morphology. Those particles were especially abundant during the wet
season when biomass burning is not a dominant source of particles in the basin.”

The experimental details are sparse. My concern that the highly variable present of salt may simply
be a function of operator error (and the occasional contamination of some samples through contain
with human skin or contaminated (or re-used) laboratory gloves. | note that another reviewer
requested additional details, and the authors chose not to include them, but rather to refer readers
to a previous manuscript. | appreciate the limitation of space, but this does not help to eleviate my
concern that the experimental results are artifacts rather than new findings.

As we discussed in our revised manuscript, we suggest that variable present of sodium content
may depend on different classes and genera of fungi. Sample collection and experiments were
conducted with cautions. In our previous revised version as requested by the reviewer 3, we
provided details of the method (please see the notes of the reviewer 3 who found our arguments
convincing). In addition to that, we provide following discussions, which suggest that presence of
sodium salt in our sample indeed from spores rather than contamination.

) We routinely investigate quality of our blank substrates from different batches (total 5
in this case). SEM images at different field of view show that blank sample are with
negligible contamination (see Supplementary Figure 14). We found 1 particle per
0.0005 cm? area, where as field collected particles, on average, consist of ~500
individual particles on stages 4 and 5. Particle loading is higher for smaller size
particles (~2100 particles per 0.0005 cm? area on stages 6 and 7, see Supplementary
Figure 15a, b).

i) As we mentioned earlier, this study reports samples from stages 4 and 5 (size range:
1.0-3.2 um). However, we also investigate particles from lower stages 6 and 7, size
range: 0.32-1.0 um) for a separate study. Fractions of Na-containing particles in stages
6 and 7 are significantly lower (Na-containing particle <15%) than particles on stages
4 and 5 (~50%). Please see Supplementary Figure 15c. This result suggest that high
fraction of sodium-salt particles are indeed from spores that were deposited on stages
4 and 5.

iii) Na-content in spores were investigated using different techniques (electron microscopy
and Nano- secondary ion mass spectrometry) with different operator, sample
preparation and sample handling procedures. Irrespective of that, both methods show
presence of sodium in spores.

To elaborate more on this note, we added two new Supplementary Figures (14 and 15) and the
following text (lines: 555-564) in the method section of the revised manuscript.

“Samples were handled with caution. For examples, tweezers were cleaned with solvents prior to
handling the samples; new gloves were used for handling of samples after each experiments.
Examination of blank substrate showed negligible contamination on the sample substrate
(Supplementary Figure 14). Investigation of particles from stages 6 and 7 (size range: 0.32-1.0
pum) showed Na-containing particles in stages 6 and 7 are significantly lower (Na-containing



particle <15%) than particles on stages 4 and (Supplementary Figure 15). This result suggest that
high fraction of sodium-salt particles are indeed from spores that were deposited on stages 4 and
5. Furthermore, sodium content in spores was observed irrespective of different sample
preparation and techniques (e.g., SEM/EDX, STXM and NanoSIMS)”

Supplementary Figure 14. Investigation of particle contamination. SEM images show a) low
magnification and b) high magnification image of blank sample; c) low magnification and d)
high magnification image of collected sample.
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Supplementary Figure 15. Fraction of Na-rich particles in smaller size (stages 6 and 7)
particles. Representative SEM images of particles collected on a) stage 6 (0.56-1.0 um), b) stage
7 (0.32-0.56 um), c) number fraction of different particle classes for particles collected on stages
6 and 7. Fraction of Na-rich particles is <15%.

Reviewer #3 (Remarks to the Author):

The authors have appropriately addressed the comments of me and the other two reviewers. | only
have one (very minor) comment on the revised version of the MS: in the main text (lines 236-256),
the authors discuss the uncertainty in the 69% contribution of fungal spores to sodium mass, due
to assumptions on spore sodium content and sea salt contribution. I would like to see this
uncertainty reflected in the number that is given in the abstract, so could you please indicate the
uncertainty range there (line 36)?

My recommendation is therefore to publish the paper after this minor revision.
As suggested, we provided the uncertainty range in the abstract as well.

“Modeling results suggest that fungal spores account for ~69% (31-95%) of the total sodium mass
during the wet season and that their fractional contribution increases during nighttime.”
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