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ntrols over the production and
emission of ice-nucleating particles in sea spray†
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The role of marine ice-nucleating particles (INPs) in modifying clouds and radiation balance over oceans is

uncertain. While recent studies have advanced our understanding of the abundance of marine INPs,

characterizing their sources and composition remains a challenge. INP concentrations above oceans are

typically low, sometimes extraordinarily so, but there is evidence of elevated levels associated with

phytoplankton blooms. Mesocosm experiments have shown that ice-nucleating entities (INEs, which

include discrete particles as well as ice-nucleating monolayers) are produced, and INP emissions raised,

in the decay phase following bloom collapse. To test if INE production depends upon phytoplankton

type, we added dead particulate biomass of a green alga (Nannochloris atomus), a diatom (Skeletonema

marinoi) and a cyanobacterium (Prochlorococcus marinus) to a miniature Marine Aerosol Reference

Tank filled with seawater. As decomposition progressed, heterotrophic bacteria initially increased and

plateaued, then declined, coinciding with an increase in heterotrophic nanoflagellates (HNF) and viruses.

Enzyme activities typically increased over several days before plateauing or decreasing, while humic-like

substances (HULIS) steadily accumulated. INEs in the seawater peaked 3–5 days after each detritus

addition, increasing ∼10- to ∼20-fold. INE concentration was closely correlated with HNF counts,

viruses and the concentration of HULIS, but not with bacteria or enzyme activities. Newly-fabricated

INEs were organic, primarily heat stable (95 °C), and varied in size. INP concentrations in sea spray

aerosol (SSA) tended to peak shortly before the peak of INEs in the seawater, at 4-, 35- and 15-fold

higher than at the start in the N. atomus, S. marinoi, and P. marinus incubations, respectively. Using data

from the P. marinus incubation, we were able to provide the first estimate of INP enrichment in SSA

(over its concentration in the water): it was initially ∼200× for the fresh seawater and increased further

after the addition of the P. marinus inoculum. We also tested if a simple nutrient mix (bovine serum

albumin (BSA) and three monosaccharides) could stimulate INP production: INEs in the seawater

changed little, but INP emissions fell abruptly immediately upon BSA addition due to it forming

a monolayer which displaced the sea surface microlayer (SML). These experiments revealed that INE

production in the decay phase of a phytoplankton bloom requires the addition of a natural, complex

substrate to initiate a realistic succession of decomposers, and that INP emissions are further controlled

by their concentration in the SML and, indirectly, by the impact of SML composition upon jet and film

drop production.
ado State University, Fort Collins, CO,

f.malfatti@gmail.com

sica Sperimentale, Trieste, Italy

Boulder, CO, USA

esearch Laboratory, National Oceanic

O, USA

, University of California San Diego, La

gHandix Scientic, Fort Collins, CO, USA
hJUUL Labs, San Francisco, USA
iPacic Northwest National Laboratory, Richland, WA, USA
jScripps Institution of Oceanography, University of California San Diego, La Jolla,

CA, USA

† Electronic supplementary information (ESI) available. See DOI:
https://doi.org/10.1039/d2ea00154c

970–990 © 2023 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d2ea00154c&domain=pdf&date_stamp=2023-06-10
http://orcid.org/0000-0002-5293-3959
http://orcid.org/0000-0002-0957-9288
http://orcid.org/0000-0003-3778-4112
http://orcid.org/0000-0002-4084-0317
http://orcid.org/0000-0002-9242-5422
http://orcid.org/0000-0002-2351-2362
http://orcid.org/0000-0002-5660-6832
http://orcid.org/0000-0002-5329-9750
http://orcid.org/0000-0002-2561-2914
http://orcid.org/0000-0003-3048-9890
http://orcid.org/0000-0002-3719-1889
https://doi.org/10.1039/d2ea00154c
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ea00154c
https://pubs.rsc.org/en/journals/journal/EA
https://pubs.rsc.org/en/journals/journal/EA?issueid=EA003006


© 2

Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
M

ae
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

02
6-

02
-0

6 
13

:0
4:

38
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Environmental signicance

Oceans emit cloud-active aerosols. One inuential class, the ice-nucleating particles (INPs), trigger the freezing of supercooled cloud droplets, reducing cloud
reectivity and longevity whilst facilitating precipitation. Understanding the role of INPs in sea spray aerosols (SSA) is critical for understanding glaciation of
marine clouds, especially in remote regions. When phytoplankton blooms collapse, INPs are produced and emitted in the SSA. However, characterizing their
sources and dependence upon phytoplankton class remains uncertain. We added dead biomass of three diverse phytoplankton species to seawater in meso-
cosms. INP production was stimulated by all species, peaked aer 3–5 days, and coincided with increases in nanoagellates and viruses. Emissions were
modied by the sea surface microlayer and its control over jet drop production by bubbles.
1 Introduction

The oceans are a 360 million square kilometre source of cloud-
active aerosols. One rare but exceptionally inuential class of
aerosol is the ice-nucleating particles (INPs). These trigger the
freezing of supercooled cloud droplets, which reduces cloud
reectivity and cloud longevity whilst facilitating precipitation.
The Southern Ocean (SO) is remote, making long-range trans-
port of INPs from continents of likely minor signicance in the
marine boundary layer.1 Consequently, the role of locally-
emitted marine INPs is critical for understanding glaciation
processes of clouds coupled to the marine boundary layer in
such remote regions.

The emissions and impacts of marine INPs are, however, not
well understood,2–4 and discrepancies in simulating mid- and
high-latitude southern hemisphere climate5,6 may be a conse-
quence of this deciency. Improved knowledge of the energy
budget of the SO requires an overall greater understanding of
ice formation in SO clouds.6–10 Earth systemmodels predict “too
low cloud optical thickness and/or too low cloud fraction”5 due
in part to them possessing insufficient amounts of supercooled
liquid in clouds;6,9,11 the SO's albedo is particularly sensitive to
cloud phase and cover due to the low reectivity of oceans. The
result is a positive bias in modelled absorbed solar radiation at
the ocean surface.5,12 Vergara-Temprado et al. (2018)10 suggest
that the cause of the bias is due to modelled SO clouds behaving
as if they have higher INP concentrations than actually occur.
Indeed, recent measures show that SO cloud tops can be
frequently and deeply supercooled,13 and the boundary layer
contain uniquely low INP concentrations4,14–16 that lie at the low
end of the range used for parameterization by Vergara-
Temprado et al. (2018).10 While biases in simulated SO short-
wave radiative uxes have improved in recent CMIP6 models,17

there is a signicant diversity in the representation of cloud
phase and freezing processes, and their impact on
climate.5–7,9,11,12,18,19 Some studies have demonstrated little
inuence of ice nucleation on simulated cloud phase and
shortwave cloud forcing,19,20 whereas others have demonstrated
a strong relationship between available marine INPs and cloud
properties.21

Oceans are a generally poor source of INPs. Bulk seawater
typically contains ∼1–1000 mL−1 ice-nucleating entities (INEs
include both discrete particles and ice-nucleating monolayers)
active at −20 °C,22–30 a tiny fraction of the number found, for
example, in soils (e.g., 108 g−1 at −20 °C (ref. 31)). Sea spray
aerosol (SSA) is also a low efficiency ice nucleator compared
with mineral dust.15,32,34 Accordingly, INP concentrations over
oceans are typically two or more orders of magnitude lower than
023 The Author(s). Published by the Royal Society of Chemistry
over land.3,15,33,34 However, signicant and sometimes
“phenomenally active”28 excursions from typical background
values in seawater and/or boundary layer air have been recor-
ded, associated with a range of factors, such as higher
concentrations of biological material, both dissolved23,24,30,34,35

and particulate (e.g., gel-like particles),28,34,35 enhanced produc-
tivity in upwelling regions,36–38 and a reduction in salinity
caused by melting sea ice.23,24 Phytoplankton blooms appear to
be large producers of INEs, especially during the microbial
succession of bacteria, viruses and protists that ensues when
they collapse and their organic matter is re-worked and
decomposed.3,25,29,35,39–41 Emissions of INPs in SSA are also
modulated by their enrichment in the sea surface microlayer
(SML)22,24,25,30,42 and by the ratio of jet to lm drop production,
with the former being a more effective INE ejector.40,43 Other
factors that may enhance INEs in surface waters include
deposited dust35,44 and its stimulation of biological activity via
iron fertilization.35

To further resolve the prerequisites, sources, and controls
over emissions of marine INPs, we conducted a series of
experiments using a miniature Marine Aerosol Reference Tank
(miniMART).45 We focused on the decaying phase of a phyto-
plankton bloom, where bacteria colonize and comminute
detrital particles produced from freshly-killed phytoplankton.
To test if INE production is dependent upon phytoplankton
class we added dead biomass of three phytoplankton species,
a green alga, a diatom and a cyanobacterium, sequentially to
a miniMART, each time lled with fresh seawater containing
natural microbial communities. Secondly, to test if INEs can be
generated simply by supplying basic nutrients, we added a mix
of one protein and three common marine monosaccharides to
a miniMART with the same natural communities. Throughout
the ensuing decomposer successions, measurements of the
bulk water and SSA included: INE/INP concentrations
(including aer treatments to measure the abundance of
organic ice nucleators and of those deactivated by heat); cell
counts of bacteria, viruses and grazers; hydrolytic enzyme
activities (e.g. bacterial degradative activities); 16S rRNA
proling of bacteria; emission-excitation matrices; and aerosol
size distributions. Collectively, these experiments revealed the
importance of the resource quality of the substrate for INE
production, and the composition of the SML and its control
over jet drop production, for INP emissions.
2 Materials and methods

We studied the production of ice-nucleating entities (INEs) and
its link to the emission of ice-nucleating particles (INPs)
Environ. Sci.: Atmos., 2023, 3, 970–990 | 971
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induced by the decomposition of organic inputs using the
miniature Marine Aerosol Reference Tank (miniMART).45 The
miniMART uses a plunging water jet, which replicates the
bubble plumes generated by small waves, and so simulates the
meteorological conditions consistent with the occurrence of
small whitecaps generated by wind speeds >∼3m s−1. We tested
three scenarios: (A) microbial degradation of particulate organic
carbon (POC) originating from algal detritus from three species
representing major marine algal classes; (B) microbial degra-
dation of dissolved organic carbon (DOC) supplied as a simple
protein and monosaccharide nutrient enrichment; (C) Micro-
bial degradation of extant DOC (negative control).
2.1 Experimental design

Seawater was collected at the Ellen Browning Scripps Memorial
Pier (La Jolla, CA, 32.86693°N, 117.2573°E) during high tides by
lling a 10 L polypropylene cubitainer (Hedwin Division of
Zacros America, Inc., pre-cleaned with 1 M HCl and then triple
rinsed with deionized water). During lling, water was ltered
through a 100 mm Nitex mesh (Sefar). The cubitainer was
shipped overnight to Colorado State University (CSU), and the
following morning 7.5 L was used to ll the miniMART (total
tank volume of 19 L).45 The ll water was pre-ltered through
autoclaved 0.6 mm pore-size polycarbonate lters (Whatman
Nuclepore, Cytiva) to remove phytoplankton, that may have
produced fresh organic matter via photosynthesis, and larger
protists (bacterial grazers) and other larger particles present in
the seawater.46 Bacteria, viruses and DOC passed through the
Table 1 Details of the five miniMART incubation experiments

Amendment Period Supplier, strain, me

Nannochloris atomus detritus 10–16 Feb Bigelow, CCMP509,
54)

Skeletonema marinoi detritus 17–26 Feb OGS, —, f/2 (ref. 54)

Prochlorococcus marinus
MED4 detritus

30 Aug–9 Sep Bigelow, CCMP2389
(ref. 55)

None (control) 23–29 Aug —
BSA 11–29 Nov Sigma, A6003
Glucose Sigma, G7021
Galactose Sigma, G5288
Mannose Sigma, M6020

972 | Environ. Sci.: Atmos., 2023, 3, 970–990
lter, as well as some of the small grazers. The miniMART was
sealed, the headspace supplied with 6.5 L min−1 HEPA-ltered
air, and the rotating water wheel started, producing eight 70 mL
water jets min−1 to generate SSA. The miniMART was kept at
room temperature (∼23 °C) under low light to prevent growth of
any small phytoplankton (e.g., cyanobacteria and picoeukar-
yotes) that had passed through the 0.6 mm lter. These condi-
tions were maintained continuously for the duration of each
experiment.

The tank was le to acclimate for 24 h (designated Day -1),
and the following day (Day 0) algal detritus or the nutrient mix
was added to simulate either the sudden demise of a phyto-
plankton bloom or an input of labile organic matter, respec-
tively. Experiments were run for 6–18 days, or once air INP
number concentrations peaked. Several measures were taken
daily of the tank water and SSA : INE/INP concentrations,
bacterial, viral and protist counts, and bacterial degradative
activities. Others were taken intermittently at key points: aero-
sol size distribution, real-time SSA INP concentrations using
CSU's Continuous Flow Diffusion Chamber, and water and SSA
samples for excitation-emission matrix spectroscopy and DNA
extractions.
2.2 Algal detritus preparation and labile organic carbon
amendment

Samples of detritus from three species representing diverse
groups of marine phytoplankton were prepared for addition to
the miniMART (see Table 1). Nannochloris atomus (phylum
dium Concentration Notes

f/2 (ref. 14 mg L−1 Chl a equiv. Green microalga, phylum
Chlorophyta. Has an organic
layered cell wall composed
of cellulose and other
polysaccharides

2.5 mg L−1 Chl a equiv. Diatom, phylum
Bacillariophyta. Cells are
usually connected in long
chains. Cosmopolitan in
coastal (not polar) seas, and
forms extensive spring
blooms. Skeletonema
costatum was the most
abundant phytoplankton
species in IMPACTS
blooms39,52

, Pro99 2.5 mg L−1 Chl a equiv. Phylum Cyanobacteria.
From eastern
Mediterranean. High light
adapted. Prochlorococcus
dominate temperate and
tropical oceans

— Native DOC control
1 mg L−1 Typical DOC in seawater is

∼0.5–1.0 mg L−1 (ref. 53)0.33 mg L−1

0.33 mg L−1

0.33 mg L−1

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Chlorophyta), Skeletonema marinoi (phylum Bacillariophyta)
and Prochlorococcus marinus MED 04 (phylum Cyanobacteria,
Prochlorococcus marinus subsp. Pastoris, str. CMP1986) cultures
were grown under 12/12 h light/dark cycles at 23 °C. Subse-
quently, the cells were harvested, washed with 0.2 mm-ltered
and autoclaved seawater and subjected to seven freeze–thaw
cycles47 to produce algal detritus. The detritus was then washed
to remove the dissolved cellular fraction. Prior to harvesting, the
chlorophyll a (Chl a) of each culture was measured48 to calculate
the dose to be added in chlorophyll equivalent units (Table 1).
The labile organic carbon amendment was composed of
a mixture of one protein (bovine serum albumin, BSA) and three
sugars (glucose, galactose and mannose).

INEs were measured in the axenic N. atomus and P. marinus
cultures, but not in the S. marinoi detritus, which had been
prepared in Italy. Aer subtraction of INPs in the media, INP
concentration was calculated on the basis of chlorophyll
equivalent units (Fig. S1†). While N. atomus showed very low
activity >−24 °C, P. marinus appeared to possess some activity
extending to around −15 °C. However, since the cultures were
not prepared specically to test for IN activity (i.e. aer sub-
culturing in INE-free media), the apparent activity may have
been due to contaminating INEs in the stock inoculum. Ladino
et al. (2016)49 tested exudates (exopolymer secretions, but also
possibly cellular debris) of N. atomus at −40 °C and found they
nucleated ice at low RHice values, but the activated fractions
were low. Skeletonema marinoiwas shown by Alpert et al. (2011)50

to have IN activity at−29 °C, while Ickes et al. (2020)42 measured
a T50 of ice nucleation in culture samples at approximately −26
to −21 °C; the INEs were also sensitive to a heat treatment.
Interestingly, Xi et al. (2021)51 recently measured signicant IN
activity beginning at ∼−15 °C in a sea ice sample enriched with
Nitzschia stellata, a diatom from the same class as S. marinoi.
From its heat sensitivity they suggested the source was
a protein-containing colloidal nanogel.
2.3 Bacterial and viral abundance

Seawater was sampled every day and xed with EM-grade
glutaraldehyde at 0.5% nal concentration, ash frozen, and
stored at −80 °C until ow cytometric analysis was performed
(within one month). Heterotrophic bacterial and viral abun-
dances were determined by ow cytometry using a BD
FACSCanto™ II (Becton Dickinson). For heterotrophic bacteria
and heterotrophic nanoagellates (HNF), 1 mL of thawed
sample was stained with SYBRGreen I at room temperature for
10 min (10−4 dilution of the commercial stock) in the dark.56,57

For viral abundance, 2.5 mL of thawed sample was diluted in
freshly prepared 1× TE buffer (pH 8) and stained with SYBR-
Green I at 80 °C for 10 min in the dark (5 × 10−5 dilution of the
commercial stock).58 Then, the samples were run at low ow to
avoid overlapping events (65 mL for 1 min) through the ow
cytometer, and green uorescence (FL1) and 90° side light
scatter (SSC) intensity recorded (the trigger was set on FL1). The
samples were weighed before and aer the run to measure the
analysed volume. Heterotrophic bacteria and viral populations
were discriminated based on their signature in the FL1 vs. SSC
© 2023 The Author(s). Published by the Royal Society of Chemistry
specic cytograms. FL1 threshold was used for bacteria, HNF
and viruses.

SSA sampling was done every day by impinging freshly
produced SSA into 0.2 mm ltered autoclaved seawater (FASW)
at 1 L min−1 for 30 min. Five millilitres of the resulting solution
were xed with EM-grade glutaraldehyde at 5% nal concen-
tration, ash frozen, and stored at −80 °C until microscopic
analysis (within onemonth). Thawed samples were ltered onto
0.02 mm alumina oxide membranes (Anodisc, GE Healthcare)
and stained with SYBRGreen I following the protocol of Noble
and Fuhrman (1998)59 for viral and bacterial estimates. The
membranes were then mounted and immediately imaged using
an inverted epiuorescence microscope Olympus BX51 with
a UPlanFI 100× oil immersion objective equipped with a 490/
528 nm excitation/emission lter cube (U-MSWB2). Bacteria
and viruses were counted in 20–30 elds.

2.4 Bacterial degradative activities

The bacterial degradative activities of the bulk seawater and SSA
samples were measured using uorogenic substrate analogs at
saturating concentrations (20 mM).60–62 The enzymes alkaline
phosphatase (APase, AP), protease (leucine, L), lipase (oleate, O
and butyrate, B) and beta-glucosidase (G) were measured with,
respectively, substrates 4-methyl-umbelliferyl-phosphate
(Sigma, M8883), L-leucine-7-amido-4-methyl-coumarin (Sigma,
L2145), 4-methyl-umbelliferyl oleate (Sigma, 75164), 4-methyl-
umbelliferyl butyrate (Sigma, 19362) and 4-methylumbelliferyl
b-D-glucopyranoside (Sigma, M3633). Fluorescence resulting
from enzymatic release of the free uorophores (4-methyl-
umbelliferone (MUF) and 7-amido-4-methylcoumarin (AMC))
was measured by a multimode reader (Synergy™ H1, BioTek)
on 96-well microtitre plates incubated in the dark at in situ
temperature for 1 h. Fluorescence was measured immediately
aer adding substrates and again at the end of the incubation,
at 355 nm excitation and 460 nm emission.

Enzyme activities were expressed as the concentration of
substrate hydrolysed per unit time of incubation and normal-
ized by volume of air impinged for SSA samples, or by volume of
bulk seawater for water samples. Six replicates for each sample-
substrate combination were analysed on the microtitre plate.
Standard curves of the free uorophores AMC and MUF were
used to relate uorescence to free uorophore concentration.
Enzyme activity values for aerosol samples are reported as the
difference between the sample and a blank generated by
impinging particle-free air in FASW prepared at the beginning
of every experiment cycle.

2.5 Measurement of ice-nucleating entities (INEs) and
particles (INPs)

2.5.1 Offline measurement using the ice spectrometer.
INEs and INPs were measured within a few hours of sampling in
water samples and from SSA sampled overnight, respectively.
For water samples, ∼10 mL was removed from the miniMART
using a sterile disposable pipette and placed in a sterile 50 mL
Falcon polypropylene tube (Corning Life Sciences). To sample
SSA, two inline lter units (Pall) tted with 0.05 mm-pore-
Environ. Sci.: Atmos., 2023, 3, 970–990 | 973
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diameter, 47 mm-diameter Nuclepore track-etched poly-
carbonate membranes (Whatman Nuclepore, Cytiva), each
overlying a 3 mm-pore-diameter Nuclepore membrane (to
provide a clean support), were used. Average ow rate through
each lter was 2.75 Lpm, which decreased ∼15–30% over the
12–19.5 h periods of sampling. Average volume sampled per
lter was 2080 L (1400–2820 L). Details of lter and lter unit
cleaning procedures are given in McCluskey et al. (2017),39

except that 0.1 mm-ltered deionized water was used for nal
rinses. All steps were carried out in a laminar ow cabinet.

To re-suspend collected aerosol, one lter was placed in
a 50 mL Falcon tube, 6 mL of 0.1 mm-ltered deionized water
added, and the tube tumbled on a Roto-Torque (Cole-Palmer)
for 20 min. INEs/INPs were measured in each water sample
and aerosol suspension, and in 10- to 20-fold and 225- to 400-
fold dilutions of each to estimate concentrations of INEs/INPs
active at colder temperatures (to −27 °C). To estimate INPs in
each sample and dilution, 32 × 50 mL aliquots were dispensed
into two 96-well PCR trays (Optimum Ultra, Life Science Prod-
ucts) in a laminar ow cabinet, and the trays inserted into
blocks of the Colorado State University Ice Spectrometer.
Immersion freezing temperature spectra per millilitre of water
and per litre of miniMART headspace air were obtained as
described in Hiranuma et al. (2015),63 except that the spec-
trometer headspace was purged with 0.25–1 L min−1 of HEPA-
ltered and cooled nitrogen, with ow decreasing as tempera-
ture was lowered. Ninety-ve percent condence intervals were
derived from the frozen fraction of wells at each temperature
using formula 2 from Agresti and Coull (1998).64 For undiluted
water samples, freezing temperatures were adjusted by +2 °C to
offset freezing point depression caused by salinity. A negative
control of 0.1 mm-ltered deionized water was included in each
measurement to adjust for INEs in the water used for re-
suspensions and dilutions. To account for background INPs
on lters, three lter blanks (loaded into inline lter units,
which were attached to the miniMART but without ow) were
also processed, and a regression derived from the mean INPs
per lter at each temperature (background INPs per lter = 5.1
× 10−6 × e−0.633×°C, R2 = 0.98). The signicance of differences
between samples (p < 0.05) was assessed using Fisher's Exact
Test using counts of wells frozen and unfrozen in each sample
to derive exact p values for differences in proportions of wells
frozen between samples.

To determine the contribution of heat-labile biological INEs/
INPs (e.g., IN proteins), 2 mL aliquots of lter suspensions and
water samples were heated to 95 °C for 20 min and then tested
in the Ice Spectrometer to estimate the reduction in ice nucle-
ation activity caused by heating. On select water samples, the
predominance of organic INEs was assessed by using hydrogen
peroxide digestions, followed by analysis in the Ice Spectrom-
eter. Two millilitres of seawater were combined with 1 mL of
30% H2O2 (Sigma Aldrich) and the mixture immersed in water
heated to 95 °C for 20 min while being illuminated with two,
26 W UVB uorescent bulbs (Exo Terra) to generate hydroxyl
radicals. To remove residual H2O2 and prevent otherwise
signicant freezing point depression, catalase (Cat. No. 100429,
MP Biomedicals) was added to the cooled solution until
974 | Environ. Sci.: Atmos., 2023, 3, 970–990
effervescence completely ceased. Finally, to assess INE size,
some samples were ltered with a 0.2 mm syringe lter (DISMIC-
13cp, Advantec; pre-rinsed with deionized water and 0.5 mL of
sample) and the ltrate used to measure INEs <0.2 mm (i.e.,
viruses, vesicles and dissolved organic carbon such as cellular
debris and cell-free molecules).65

2.5.2 Online measurements with the continuous ow
diffusion chamber (CFDC). The Colorado State University
continuous ow diffusion chamber (CFDC)66,67 was operated to
determine immersion-freezing INP number concentrations in
SSA in real-time. The CSU-CFDC is a vertically mounted CFDC
with cylindrical walls 1.1 cm apart. The walls are chemically
treated to be wettable by water, and each cylindrical column is
independently temperature-controlled. To form a thin layer of
ice on each wall, the annular gap is ooded with water while
each wall is held at approximately −27 °C. Aer icing, aerosols
are introduced into the annular gap via a cylindrical knife edge,
which is surrounded by a dry, particle-free sheath ow that
makes up 85% of the total ow. Both the knife edge and the
sheath ow focus the aerosol into a tight lamina, where the
temperature and RH can be precisely controlled by adjusting
the temperature of each cylindrical column. For operation to
target immersion-freezing, the relative humidity with respect to
water was set to approximately 105% to ensure that most
aerosols activate into droplets. Those droplets that contain INP
active at the aerosol lamina temperature or warmer nucleate
into ice. The bottom third of the CSU-CFDC consists of
a droplet-evaporation section, where the cylindrical walls are
held at the same temperature. Here, conditions in the aerosol
lamina reduce toward ice saturation, and therefore water
subsaturated conditions. Thus, droplets will evaporate in this
section while ice crystals will persist. All particles with diame-
ters >500 nm are detected by an OPC at the bottom of the
evaporation section, with ice crystals >3.0 mm assumed to be
INPs. The CFDC was operated with a 1.5 mm impactor and
aerosol diffusion driers in front of the inlet in this study in order
to ensure that larger particles were not erroneously counted as
INPs.
2.6 Aerosol distribution measurements

Aerosol size distributions were monitored with a scanning
mobility particle sizer (SMPS, TSI Model 3080, 0.014 mm < D <
0.75 mm) and an aerodynamic particle sizer (APS, TSI Model
3321, 0.54 mm < D < 20 mm). Aerosol diffusion driers were used
to dry aerosol upstream of the SMPS and APS to <20% relative
humidity. The SMPS was operated with an aerosol ow rate of
1.0 Lpm and sheath ow rate of 3 Lpm. The APS inlet has a total
ow rate of 5 Lpm, consisting of a 1 Lpm aerosol ow pulled
through an inner nozzle surrounded by sheath ow (4 Lpm).
Due to ow restrictions of the miniMART system, the APS
conguration used a sampling inlet that pulled 1 Lpm from the
miniMART and 4 Lpm ltered sheath ow from the room.
Several corrections were applied to the APS data: a size cali-
bration using polystyrene latex spheres of known sizes was
applied, the rst three size bins of the APS were removed due to
poor counting statistics, and the particle density of SSA was
© 2023 The Author(s). Published by the Royal Society of Chemistry
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assumed to be 1.8 g cm−3 (ref. 68) to convert aerodynamic
diameter to physical SSA diameter (shape factor assumed to be
1). The last 11 size bins were removed from the SMPS distri-
butions due to poor counting statistics and the impactor 50%
cut-off (D50= 700 nm). These corrected SMPS and APS data were
then merged to form the aerosol size distribution. Aerosol
surface area was calculated assuming a spherical shape for all
particles.

2.7 Fluorescence excitation-emission matrix (EEM)
spectroscopy

EEM spectroscopy was used to characterize and obtain relative
concentrations of uorescent organic compounds in tank water
and SSA on key days in each succession. EEMs were obtained for
all samples using a spectrouorometer (Horiba Scientic,
Aqualog). Excitation wavelengths ranged from 235–450 nm, and
emission from 250–800 nm. A background spectrum acquired
with ultrapure water was subtracted from all EEMs. EEMs were
corrected for inner-lter effects, and Rayleigh scatter (1st and
2nd order) was removed. EEMs were also normalized to the area
of the Raman Scattering peak of water at 350 nm excitation to
convert uorescence intensities to Raman Units (R.U.). For
aerosol samples, Raman Units were adjusted to a constant
volume of ltered air (1 m3). Fluorescent regions included those
indicative of humic-like substances (excitation/emission
ranges: 360/445–460 nm, 260/425–475 nm, and 320/400–420
nm), tryptophan-like (excitation/emission: 235/329 nm),
tyrosine-like (excitation/emission: 235/302 nm) and an unusual
protein-like peak with an excitation peak at 240 nm and an
emission range of 300–350 nm.

2.8 DNA sequencing and diversity analyses

Next-generation sequencing of the bacterial 16S rRNA gene was
performed on DNA extracted from tank water and SSA in the N.
atomus detritus addition experiment. DNA was extracted from
frozen tank water from days 2 and 3, and from SSA ltered
overnight on days 1 / 2 and 2 / 3, corresponding to one day
prior to and the date of peak INP concentrations. For water
samples, 6 mL was centrifuged at 20 000×g for 5 min, the
supernatant removed, and the remaining 50 mL used for DNA
extraction. For SSA, half a lter was cut into strips and these
were added directly to the bead beating tube. DNA extraction
was performed using the DNeasy PowerLyzer Microbial Kit
(QIAGEN), with homogenization by bead beating using a Fast-
Prep-24 instrument (MP Biomedicals). DNA was extracted
using the high recovery modication of the standard method as
detailed in Hill et al. (2014).69 All procedures were carried out
using sterile utensils in a laminar ow cabinet. The centrifuge,
bead beater and pipets were cleaned with DNA AWAY (MBP).

Sequencing was performed by the Joint Genome Institute
using Illumina MiSeq paired-end sequencing of the V4–V5
region of the 16S rRNA gene using primers 515F-y and 926R
(Parada et al. 2016).70 Sequencing generated 1.2–1.5 million
reads per sample. Percent of reads with an average base calling
Phred quality Q score >30 was >80%. iTagger v2.1, which uses
Usearch and Qiime to analyse amplicon libraries, was used for
© 2023 The Author(s). Published by the Royal Society of Chemistry
processing. Contaminants were essentially all chloroplast or
mitochondrial rRNA. Operational taxonomic units (OTUs) were
clustered using a 97% identity threshold. Classication
primarily used the taxonomy report integrated within the
National Center for Biotechnology Information's Basic Local
Alignment Search Tool (BLAST), and the Seqmatch tool of the
Ribosomal Database Project, Release 11.71

Basic diversity analyses were performed on each dataset. To
estimate total OTUs we used Chao 1, a non-parametric esti-
mator that uses the number of singletons and doubletons to
predict total OTU abundance. In practice it provides a lower
limit of total diversity. Two general measures of diversity were
chosen:72 the Shannon index (H′), a measure of the difficulty in
predicting the identity of the next individual sampled, which is
positively correlated with both species richness and evenness,
giving more weight to rare than common species; and the log
series index (a), which requires only total number of species/
OTUs (S) and total counts (N) to calculate and is a tted
constant in the equation describing the log series model of
species abundance. a responds approximately exponentially to
changes in S/N ratio and was recommended by Magurran
(1988)73 as a possible universal diversity statistic. We also
calculated Simpson's index (D), which gives the probability that
two sequences chosen at random will be from the same OTU. It
gives a strong weighting to the dominants, with a higher value
indicating lower diversity. Principal components analysis was
performed using a correlation matrix of standardized scores
with missing values excluded pairwise.
3 Results and discussion

Each experiment was initiated with seawater that had been 0.6
mm-ltered to remove particulate organic carbon (POC).74,75

Ammerman et al. (1984)46 reported that about 70% of bacteria in
Scripps Pier seawater were#0.6 mm in diameter, and all passed
through a 1 mm lter (i.e., would pass through the not
uncommon coincident multiple holes in the 0.6 mm
membranes). Hence, ltering will have le the standing bacte-
rial community largely intact. The starter ltrate thus contained
bacteria, viruses, vesicles76 and “a broad, polydisperse mix of
biopolymers, including polysaccharides, proteins, nucleic
acids, and lipids”.75 Dead algal biomass, or a simple nutrient
mix comprising one protein and three monosaccharides, was
then added to simulate the pulse of decomposable organic
matter that follows the collapse of a phytoplankton bloom,
initiating a microbial succession. We present the results in
decreasing POC / DOC ratio. That is, three experiments
involving the addition of algal POC followed by one experiment
in which a protein + monosaccharide DOC nutrient mix was
added.
3.1 Changes in the seawater during incubations

3.1.1 Microbial dynamics and INP production in seawater.
In the three experiments in which algal detritus was added, we
observed similar changes in general microbial composition
(Fig. 1). As decomposition progressed, heterotrophic bacteria
Environ. Sci.: Atmos., 2023, 3, 970–990 | 975
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Fig. 1 Changes inmicrobial abundances and INEs in seawater to which algal detritus had been added (at arrow), and in a no-addition control. For
INE spectra, bars show 95% confidence intervals. For selected INE spectra, pairwise Fisher's exact tests were used to assess the significance of
changes (points sharing the same letter are not significantly different; p = 0.05).
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bloomed over two days before plateauing. Aer several more
days, bacterial populations decreased rapidly, which coincided
with an increase in heterotrophic nanoagellates (HNF, a seed
population of which had also passed through the coincident
multiple holes) and, in two cases, viruses. Enzyme activities
976 | Environ. Sci.: Atmos., 2023, 3, 970–990
typically increased over the rst 1–3 days before plateauing or
decreasing (Fig. S2†), which suggested an intense re-working of
all the component fractions of the algal-derived POC (e.g.,
lipids, carbohydrates, proteins). Humic-like substances
(HULIS), being harder to degrade,77 steadily accumulated
© 2023 The Author(s). Published by the Royal Society of Chemistry
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(Fig. S2†), as also observed by Lee et al. (2015).78 In the negative
control incubation, comprising solely ltered seawater, the
change principally comprised the re-growth of bacteria (Fig. 1)
on the existing DOC.

INEs in the water initially decreased or remained level
(Fig. 1). Note that the added detritus itself contained few INEs
(Fig. S1†). Aer 1–4 days, INE concentrations rebounded,
increasing by up to 18-, 14- and 7-fold in the N. atomus, S.
marinoi, and P. marinus incubations, respectively. Increases
tended to be conned to INEs active below −20 °C. Interest-
ingly, there was also a 5-fold increase in INEs active below−22 °
C in the control incubation, driven by the native DOC in the
seawater.

3.1.2 Size, heat stability and organic INE abundance. INEs
in the fresh seawater at Day 0 were predominantly organic, as
shown by their removal aer H2O2 digests (Fig. S3†). Later, at
their peak day, the relative decreases following H2O2 digestions
were greater, conrming that the newly-formed INEs fabricated
by the microbiota were also organic.

Heating the seawater to 95 °C to denature biological INEs
produced small changes (Fig. S3†). In fresh, 0.6 mm ltered
seawater, INEs active above ∼−22 °C were heat sensitive in two
of the incubations, as also found in McCluskey et al. (2018),25

but at peak days the populations were generally unaffected by it,
indicating new INEs weren't proteins.

Testing of ltrates aer 0.2 mm ltration produced varied
effects (Fig. S3†). At Day 0, three of the incubations (S. marinoi,
P. marinus and the control experiment) had signicantly lower
INE concentrations in the ltrate, indicating most were >0.2 mm
and therefore potentially bacteria, grazers or INEs within
microgels. At peak INE days different patterns had emerged: the
S. marinoi INE population was uniformly <0.2 mm (i.e., viruses,
vesicles, cellular debris and/or cell-free molecules), the P. mar-
inus and control experiments had INEs both smaller and larger
than 0.2 mm, with cross-overs occurring at∼−22 °C, while theN.
atomus INEs were all >0.2 mm. This variation suggests that
Fig. 2 a) Principal Components Analysis of generalized relationships ac
(active at−23 °C) in seawater during the miniMART experiments. Relative
the value at the start of each experiment (Day -1, before the addition of

© 2023 The Author(s). Published by the Royal Society of Chemistry
different INE sources developed in different incubations.
McCluskey et al. (2018)25 found most INEs were >0.2 mm in
a waveume bloom, persisting throughout that entire 5 weeks
experiment.

3.1.3 General correlations. To assess general correlations
across all experiments, including the control, Principal
Components Analysis was performed (Fig. 2a). The INE
concentration at −23 °C was used since it was mid-range and
responsive in all experiments. The rst two components
accounted for 72% of the variance, and the INE eigenvector was
most closely correlated with HNF counts, but also to viruses and
the concentration of HULIS. Notably, no overall correlation
existed between INEs and bacterial concentrations. To further
explore the relationship between INEs and grazers, their relative
changes during each succession are shown in Fig. 2b. Over time,
both populations increased in a roughly 1 : 1 ratio, which was
also evident in the control experiment since, as mentioned, the
ltered water contained enough DOC to initiate a modest
succession.

Heterotrophic nanoagellates are protist grazers, 2–20 mm in
diameter and possessing agella. They are the main predators
of bacteria, which they consume via a process called phagocy-
tosis. If the HNFs are the primary source of the INEs then this
could arise directly from IN-active molecules associated with
HNFs, or indirectly via their production of IN-active bacterial
decomposition products or the fragmentation of pre-existing
INEs in the consumed bacteria. If viruses drive INE produc-
tion it could occur, similarly, via growth of an IN phage pop-
ulation or via bacterial lysis and disintegration producing an
apparent multiplication of INEs. The proliferating HNFs and
viruses produce new organic matter pools, with one fraction
being ready utilizable79,80 and the other more recalcitrant,
possibly funnelling into the HULIS pool. Fragmentation and
dispersal of INE-containing entities was suggested as the prin-
cipal mechanism of apparent proliferation by Wilbourn et al.
(2020).81 Indeed, during the P. marinus incubation the
ross all experiments. (b) Relationship between HNF grazers and INEs
abundances are standardized using the ratio of the value at Day “x” and
detritus). Numbers indicate day of incubation.

Environ. Sci.: Atmos., 2023, 3, 970–990 | 977
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Fig. 3 Changes in microbial populations and INPs in SSA during incubations of seawater to which algal detritus had been added (at arrow), and in
a no-addition control. Microbial numbers are shown relative to their concentrations in the headspace of the miniMART at the start of each
incubation. For INP spectra, solid lines are concentrations in the SSA while the dashed line shows INE concentrations in the water at the
temperature at which INE response was greatest. Error bars that exceed the borders of the graphs extend to zero.

978 | Environ. Sci.: Atmos., 2023, 3, 970–990 © 2023 The Author(s). Published by the Royal Society of Chemistry

Environmental Science: Atmospheres Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
M

ae
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

02
6-

02
-0

6 
13

:0
4:

38
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ea00154c


Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
M

ae
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

02
6-

02
-0

6 
13

:0
4:

38
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
disappearance of remnant intact (countable) P. marinus cells
coincided with INEs increasing in the water.
3.2 Changes in SSA emissions during incubations

3.2.1 INPs and microbes in SSA. Bacterial emissions ten-
ded to be stable (Fig. 3), apart from increasing in the latter half
of the P. marinus experiment, and were broadly paralleled by
viral counts, apart from in the N. atomus incubation. Enzymes
were detected in the SSA (Fig. S4†), typically intermittently, with
lipase butyrate possessing the highest activity.

Changes in concentrations of INPs in the SSA generally
paralleled those in the water (Fig. 3). INP concentrations in the
SSA peaked three to four days aer the addition of detritus,
being 4-, 35- and 15-fold higher than emissions at the start in
the N. atomus, S. marinoi, and P. marinus incubations, respec-
tively. These increases were seen in INPs active below around
−24 °C. Paralleling the INPs, HULIS and protein-like substances
peaked in the middle of the N. atomus and S. marinoi incuba-
tions, before declining (Fig. S4†).

In previous waveume and mesocosm studies, INP emis-
sions in SSA were seen to increase, similarly, by 13- and 30-fold
three to four days aer the collapse of a phytoplankton bloom
with the resulting injection of decomposable biomass.39

There were differences in INE and INP dynamics in the SSA
and water : SSA INP emissions tended to peak a day or so earlier
than in the water and, in at least two cases, decline faster. These
differences could be caused by several mechanisms, all medi-
ated by the interaction between the INEs and the SML. Firstly,
the characteristics (e.g., hydrophobicity) of the INEs may have
changed over time, with the initial INE population being more
enriched in the SML, and hence emitted, than those predom-
inating later. Secondly, enmeshment of INEs within aggregating
gels may have curtailed INP emissions aer a couple of days due
to the increasing size of the gels reducing their likelihood of
being ejected. Enmeshment of INEs within growing gels would
manifest itself as an apparent increase in INE size and, there-
fore, a reduction in INEs passing through a 0.2 mm lter. This
was evident in the N. atomus incubation (Fig. S3†), but not in the
S. marinoi incubation. However, both showed peak SSA INP
emissions a day earlier than in the water. Thirdly, changes in
SML composition and thickness may have altered INE emis-
sions. The effect of this may have been directly linked to
increased INE enrichment within the SML, and/or indirect and
caused by changed bubble longevity affecting the time for
enrichment of INEs in lms or a shi in bubble size altering the
relative abundances of lm vs. jet drops.

Heat tests (95 °C) on aerosol INP samples produced minimal
changes (Fig. S5†), similar to the results in the water (a lack of
available suspension precluded other tests). The only consistent
impact occurred in the control experiment where, just as in the
water, a modest reduction was apparent at Day 2–3, suggesting
the INPs were predominantly biological. By contrast, previous
waveume SSA emissions showed a more general INP heat
sensitivity, especially for those active above −20 °C.25

3.2.2 Heterotrophic bacterial composition and emissions
during the N. atomus addition experiment. We proled the
© 2023 The Author(s). Published by the Royal Society of Chemistry
bacteria in the water and SSA during the N. atomus addition
experiment to assess indicative changes in community
composition and OTU emission efficiencies during the period
of peak INP emissions. Proling OTU emissions was also
intended to detect known IN-active bacteria in the SSA. Both
aspects may affect INP concentrations, the former via changes
in relative abundances of OTUs in the SSA and water indicating
changes in SML composition that impacted emission efficien-
cies, and the latter from the direct contributions from IN
bacteria. Sequencing was performed over the peak period of INP
emissions, on days 2 and 3 in the water, and in overnight SSA
lter collections on days 1/ 2 and 2/ 3, which corresponded
to one-day-prior-to and peak INP emission periods, respectively.

Among all samples, a total of 317 OTUs were detected. The
Chao I estimator, which provides a lower limit of total diver-
sity,82 predicted ∼210–230 OTUs in each of the four samples
(Table S1†). The somewhat greater diversity detected in the SSA
samples was reected in their higher log series (a) and Shannon
index (H′) values; H′ is positively correlated with both species
richness and evenness. The presence of some very dominant
OTUs in all samples generated relatively high Simpson's
dominance index (D) values.

The identities and relative abundances of the more common
OTUs (average relative abundances >0.1%, or >0.2% in a single
sample) in the water and SSA are given in Fig. 4 and Table S2.†
Three phylogenetic groups, which accounted for 51/54 of the
most abundant OTUs in the water (Fig. 4), are found to
consistently dominate bloom-associated bacterial
communities.83–87 They are the Rhodobacteraceae within the
Alphaproteobacteria, the Gammaproteobacteria, such as
members of the Alteromonadaceae, and the Flavobacteriia class
within the Bacteroidetes. Several of the most abundant genera
(e.g., Pseudofulvibacter, Methylophaga, Vibrio, Glaciecola) have
also been recorded as predominating in natural successions in
hydrocarbon/biomass-enriched or bloom-associated environ-
ments88 and mesocosm experiments.52,85,89,90

Several OTUs were particularly notable. A Marinobacterium
sp. (OTU 0) was very abundant in the water, while OTU 2,
a Methylophaga sp., increased greatly in relative abundance in
the water between days 2 and 3 while maintaining a relatively
low emission efficiency (Fig. 4). In contrast to the Mar-
inobacterium and Methylophaga spp., a species of Pseudofulvi-
bacter (OTU 1) was extraordinarily enriched in the aerosol while
comprising only 0.01% of seawater sequences (Fig. 4). Expla-
nations for the dominance of these species and why the Fla-
vobacteriia predominated among OTUs enriched in the SSA
(Fig. 4) are given with Table S2.†

Several OTUs increased greatly in their relative abundances
in both the water and SSA over the 24 h period (Fig. 4). Most
marked were the Methylophaga sp. (OTU 2), two Piscirick-
ettsiaceae spp. (OTUs 16 and 34), an Alphaproteobacteria sp.
(OTU 46) and a Cryomorphaceae sp. (OTU 20). In general,
however, the ratios of the relative abundances in the SSA and in
the water remained fairly constant.

None of the genera or families that showedmarked increases
have been associated with ice nucleation in previous studies. Of
the known ice nucleation active bacteria (the genera
Environ. Sci.: Atmos., 2023, 3, 970–990 | 979
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Fig. 4 Relative abundances of the most abundant OTUs in seawater and SSA over the peak period of INP emissions during the N. atomus
addition experiment. Arrows show changes in relative abundances of OTUs over the 24 h. OTU labels are beside arrows. Red numbers indicate
OTUs for which one of the abundancemeasures was outside of the ranges shown. The three bacterial classes that dominated the community are
indicated by coloured circles around the label.

Environmental Science: Atmospheres Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
M

ae
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

02
6-

02
-0

6 
13

:0
4:

38
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Pseudomonas, Xanthomonas, Pantoea and Lysinibacillus) only
one potential species, a Pseudomonad (OTU 88), was recorded.
However, it was barely detectable, with only 3 reads among
a total of >2.5 million in the two water samples.

3.3 Pure nutrient addition experiment

We also tested whether adding a simple DOC mix could initiate
the production of INPs, mimicking the surge of DOC expected
during the death phase of a phytoplankton bloom. This exper-
iment is treated separately from the other incubations because
it used an unrealistically simple and easily metabolized cocktail
and higher DOC concentration (∼2× than is typical in
seawater), and so will have stimulated the growth of an atypical
and opportunistic subset of heterotrophic bacteria. The labile
DOC amendment was composed of one protein, bovine serum
albumin (BSA, 1 mg L−1), plus three sugars (glucose, galactose
and mannose each at 0.33 mg L−1) that are common in both
marine colloids and bulk seawater.75 The response of the
decomposer community was similar to the previous incuba-
tions (Fig. S6†) except that a collapse in heterotrophic bacteria,
typically coincident with a surge in nanoagellates, was not
seen. INE numbers remained unchanged apart from a modest
increase at lower temperatures. The INEs were predominantly
organic, heat resistant and <0.2 mm.
980 | Environ. Sci.: Atmos., 2023, 3, 970–990
In contrast to their stability in the water, INP emissions in
the SSA decreased dramatically immediately upon nutrient
addition (Fig. 5). The suppression was caused by the formation
of a monolayer, ∼4 nm deep, of protein adsorbed at the air–
water interface.94,95 Two hours aer addition, a single layer of
bubbles had accumulated around the edge of the tank covering
∼10–15% of the surface. This decreased to ∼5% a day later and
disappeared aer three days, presumably due to the consump-
tion of the BSA by the heterotrophic community (Fig. S6†), by
which time the aerosol and INP emissions were rebounding
(Fig. 5).

The BSA monolayer will most likely have inhibited INP
emissions in two ways. Firstly, it will have displaced the pre-
existing SML and the INEs enriched within it. Secondly, it
changed bubble bursting behaviour in a way that dampened
emissions in general. Bubble bursting produces both lm
drops, from the disintegration of the thin bubble lm, and jet
drops, from the breakup of the water jet formed by the collapse
of the bubble cavity. Larger bubbles with a radius $1 mm
generate mainly lm drops when the cap disintegrates. Film
drops produce SSA with a broad range of sizes and a dry
diameter mode at approximately 0.1 mm,43 as indicated in
Fig. 5b. By contrast, bubbles <0.5 mm radius produce only jet
drops,96,97 which are larger than lm drops with a dry SSA mode
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 a) INP spectra in the SSA measured with the ice spectrometer (circles) and the Continuous Flow Diffusion Chamber (squares) during the
BSA + sugars addition experiment. The dashed line shows the estimated background INP level on filters. Numbers beside CFDC symbols show
time after the addition of BSA + sugars. (b and c) aerosol emissions (dry) over the course of the experiment expressed on the basis of number and
surface area, respectively. The post-BSA measures are the average of three scans taken 10–30 min after BSA addition.
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at ∼0.7 mm (Fig. 5b). Since the diameter of a dry SSA particle is
∼1

4 of the diameter of its parent droplet,98 this equates to a fresh
jet drop mode diameter of ∼3 mm. Further, the radius of the
original bubble is ∼20× the diameter of the dry SSA particle
produced by the top jet drop,43,96,97,99 which translates to
a bubble radius of ∼14 mm. The mode is comparable with the
maximal production of bubbles of 20–40 mm radius generated
in the miniMART with fresh seawater.45

Addition of BSA reduced lm drop emissions, but especially
diminished jet drop emissions (Fig. 5b and c). Modini et al.
(2013)100 observed a similar quenching (79–98%) of aerosol
production following the addition of a surfactant, Triton X-100,
and ascribed several mechanisms to the reduction: the surfac-
tant increased bubble longevity allowing lms to drain and thin
out before breaking, while the reduced surface tension caused
a less explosive contraction of the lm upon rupture. Both
actions reduced the production of SSA upon lm disintegration.
Due to the reduction in surface tension, surfactants also reduce
the jet height, speed and width, and, hence, the number of jet
drops released.101 The formation of stable islands of bubbles
will also have reduced jet drop production.

Jet drops accounted for the bulk of the surface area and
volume of emissions before BSA addition. They may also be
enriched in INEs due to organic particles adsorbing to the
outside of bubbles combined with boundary layer ow
concentrating these organics at the bubble bases through which
the jet drops erupt.43,102,103Hence, a strong quenching of jet drop
production by BSA likely caused the collapse in INP emissions.43

Finally, it is possible that the BSA bound directly to the INEs,
forming ocs too large to be ejected.
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.4 Controls over INP emissions

The previous experiments have shown that changes in INP
emissions over the incubations may be distilled into the
following equation:

DINPSSA = DINEwater × DINESML × DSSA

where each component is the fractional change, from le to
right in: INPs in the SSA, INEs present in the bulk water, INE
enrichment in the SML, and overall SSA emissions (total particle
number, surface area or volume, with changes in SSA driven by
changes in SML composition modifying jet drop emissions).
INEs in this relationship are limited to those small enough to be
ejected inside jet drops; it does not, therefore, include INEs
enmeshed within large microgels, macrogels and transparent
exopolymer particles.75,104

We can use the P. marinus addition experiment to attempt to
apportion these controls over production and release of INPs in
nascent sea spray. Upon addition of dead P. marinus detritus,
aerosol emissions initially decreased modestly (Fig. 6a), but
then over the following days rebounded, reaching a peak 4 days
later. The initial suppression followed by the progressive
increase in across-the-board particle emissions suggests that an
SML with surfactant properties initially formed from the release
of material in the added detritus, inhibiting lm and especially
jet drop emissions (Fig. 6b) just as occurred with BSA.
Presumably, this SML was then consumed by the heterotrophic
bacteria or progressively removed by continuous SSA produc-
tion. Interestingly, Christiansen et al. (2019)105 also observed
a reduction in SSA number concentration with increasing
Environ. Sci.: Atmos., 2023, 3, 970–990 | 981
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Fig. 6 Aerosol emissions over the course of the P. marinus addition experiment expressed on the basis of number (a) and surface area (b). (c)
Observed changes in SSA INPs during the P. marinus experiment, expressed as the ratio of INPs on Day x with the value at the start (before the
addition of detritus) compared with changes in SSA INPs predicted from DINEs in the water × DSSA emissions (given on the bases of aerosol
number, surface area and volume).

Fig. 7 Enrichment factors for INPs active at different temperatures
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additions of previously frozen S. marinoi cells to a tank using
plunging jets to generate SSA.

If we assume (for the sake of this exercise) that level of INE
enrichment in the SML was constant, we can use the relative
changes (value on Day x/value at the start) in the other two
terms to predict INPs in the aerosol (Fig. 6c). For SSA INPs active
at −21 and −23 °C there is good correspondence between
observed and predicted values. However, at−26 °C the observed
SSA INP concentration is generally, although improving later in
the incubation, several times higher than predicted, presum-
ably due to higher enrichment of INEs active at this temperature
in the SML. (No consistent improvement is seen when SSA
volume is used in place of surface area to predict INPs, as
suggested by Mitts et al. (2021).40) Bacteria are typically enriched
>10-fold in the SML,91,92 partly due their association with gels.91

Amino acids and protein-like substances also accumulate in the
SML.78,106 Up to ∼10-fold enrichment of INEs in the SML is
commonly observed inmesocosm experiments,25,107 as well as in
eld samples.22,24,30,35,108,109

Data from the P. marinus addition experiment can also be
used to estimate the enrichment of INPs in the SSA relative to
the bulk water. INPs per volume of freshly-emitted SSA were
derived from the integrated volume of dry SSA. Dry SSA diam-
eters were scaled up to obtain total droplet volume by assuming
4× the dry SSA particle diameter represented the diameter of
the fresh drop.98 INPs in the SSA were thus converted to INPs
per mL of fresh sea spray, and this was divided by the INEs
982 | Environ. Sci.: Atmos., 2023, 3, 970–990
per mL of bulk water to obtain enrichment factors (EFBulk/SSA)
(Fig. 7). At the start, before inoculum addition, the EFBulk/SSA

values at all INP temperatures were 160–280. Aer inoculum
addition, the EFBulk/SSA increased several-fold and tended to be
higher for colder INPs.

These estimated enrichment factors correspond to values
found in previous studies of SSA organics, which oen range
from ∼100- to >10 000-fold,91,104,110–112 although they can be
higher for lipids, proteins and carbohydrates.93,113,114 Organic
matter in submicron particles is almost entirely water insoluble
over the course of the P. marinus addition experiment.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and was found to consist of colloids and aggregates exuded by
phytoplankton,115 whereas Bio (i.e., protein and phosphate-
containing) particles were dominant at sizes >1 mm.68,116

4 Conclusions

When phytoplankton blooms collapse, the ensuing decomposer
community of bacteria, and the viruses and grazers that prey
upon them, comminute, consume and transform the biomass.
The constituents and/or by-products of this community
consistently possess ice nucleation activity.3,25,39,40 To test if INE
production depends upon phytoplankton type we added dead
POC biomass of a green alga (N. atomus), a diatom (S. marinoi)
and a cyanobacterium (P. marinus) to a miniMART lled with
fresh seawater. Over the next two days, heterotrophic bacteria
concentrations increased then plateaued, and aer several
more days decreased, coincident with an increase in HNF and,
in two cases, viruses. Enzyme activities typically increased over
the rst few days, while HULIS steadily accumulated.

INEs in the water initially decreased or remained stable, but
aer 1–4 days they rebounded, increasing by up to 18-, 14- and
7-fold in the N. atomus, S. marinoi, and P. marinus incubations,
respectively. Newly fabricated INEs were organic, mostly not
heat labile, and varied in size (all <0.2, a mix of sizes, or all >0.2
mm). INE concentration active at −23 °C was closely correlated
with HNF, and also with viruses and the concentration of
HULIS, but not with heterotrophic bacteria concentrations.
Sources of INEs may thus include:

� Components of the new populations of HNF and/or
viruses, and/or debris of bacteria consumed by HNF and
viruses.

� Newly-formed HULIS.
� Progressive fragmentation of INEs or release of IN-

monolayers composed of fatty alcohols/acids and possible
crystallites of these117,118 from the consumed bacteria or
phytoplankton.

Changes in emissions of INPs in the SSA generally paralleled
those in the water, but tended to peak a day or so earlier. The
most pronounced increases occurred with the diatom S. marinoi
(up to 35-fold higher) and cyanobacterium P. marinus (up to 15-
fold higher) incubations. Several mechanisms could explain the
early peak in INP emissions: (1) initially-formed INEs had
characteristics that led to their greater enrichment in the SML
than those produced later, (2) progressive enmeshment of INEs
within larger gels reduced their emissions aer a few days, (3)
changes in the SML may have altered INE emissions by altering
enrichment and/or changing surface tension and bubble
longevity. We should note that in the ocean algae are oen
nutrient depleted and the bacterial degradation of algal detritus
may create a different molecular ngerprint, affecting INE
emissions differently than observed here. Hence, it would be
premature to extrapolate from this and similar studies to esti-
mate INE production in situ.

Sequencing of bacteria in the N. atomus addition experiment
showed three groups, known to dominate bloom-associated
bacterial communities, comprising ∼95% of the abundant
OTUs at the peak of INP production. Several OTUs greatly
© 2023 The Author(s). Published by the Royal Society of Chemistry
increased their relative abundances in both the water and SSA
over the peak period of INPs emissions, although none are
currently associated with known groups of ice nucleation-active
bacteria.

To test if INE production is simply the result of an injection
of nutrients, we added a simple DOC cocktail (BSA + three
monosaccharides) to a fourth incubation. INE concentrations in
the water remained essentially unchanged. Unexpectedly, INP
emissions in the SSA abruptly fell due to the formation of a BSA
monolayer, which will have displaced the pre-existing SML and
INEs enriched within it, and altered bubble bursting behaviour,
in particular, by reducing jet drop emissions. Since jet drops
accounted for the bulk of the surface area and volume of the
SSA, their quenching effectively shut down INP emissions. This
serendipitous result revealed the strong control of the SML over
INP emissions, directly via INP enrichment and indirectly via
bubble bursting.

Overall, changes in INP emissions are the complex product
of (1) changes of INPs in the water, (2) INE enrichment in the
SML, and (3) SSA emissions, due to altered SML composition
modifying jet drop production. From the P. marinus incubation
we estimate that INP enrichment in the SSA was around 160–
280 for fresh seawater, and likely increases during the decay
phase of the phytoplankton bloom. We believe this is the rst
estimate of EFBulk/SSA for marine INPs.

Collectively, these experiments revealed that the production
of INEs following the collapse of phytoplankton blooms
requires a heterogeneous substrate to initiate a complex natural
succession of decomposers. INP emissions are enhanced by INE
enrichment in the SML and enhanced or reduced by the SML's
inuence over jet drop production.

If phytoplankton blooms consistently generate and emit
INPs, their atmospheric contribution would be most
pronounced in remote regions of the SO.2 Chl a concentrations
range widely (annual mean >0.1 to >2 mg m−3) across the SO,119

with a timing, scale, and biomass varying latitudinally and
regionally. Latitudinally, blooms are driven by sunlight: in
temperate “bioregions”, phytoplankton blooms occur in
October, whereas near Antarctica they peak in January/
February.119 In regions where currents interact with continental
shelves, islands and hydrothermal vents, large blooms develop
every spring and summer, fertilized by upwelling of nutrients,
especially iron and silicate.120,121 Some marine and phyto-
plankton bloom-induced INEs/INPs can possess activity at the
exceptionally warm temperatures required for secondary ice
multiplication,22,36,39,108 a process that can generate ice particle
concentrations orders of magnitude higher than the numbers
of INPs present.
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Master recyclers: features and functions of bacteria
associated with phytoplankton blooms, Nat. Rev.
Microbiol., 2014, 12, 686–698, DOI: 10.1038/nrmicro3326.

84 H. P. Grossart, F. Levold, M. Allgaier, M. Simon and
T. Brinkhoff, Marine diatom species harbour distinct
bacterial communities, Environ. Microbiol., 2005, 7, 860–
873, DOI: 10.1111/j.1462-2920.2005.00759.x.

85 J. Pinhassi, M. M. Sala, H. Havskum, F. Peters, O. Guadayol,
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