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Abstract

Atmospheric ice formation plays a key role in controlling the radiative properties and

lifetimes of supercooled clouds. Ice-nucleating particles, which initiate the heterogeneous

nucleation of ice in supercooled clouds, are rare in the atmosphere and crucial for the

formation of ice in clouds. Therefore, our understanding of the sources and atmospheric

concentrations of ice-nucleating particles is critical for our understanding of the impact of

clouds on the climate. Biological aerosol particles have been identified as potentially im-

portant ice nucleators, particularly at temperatures above −10 ◦C. However, our current

understanding of the relative contribution of biological material to regional and global ice-

nucleating particle populations remains poor. In particular, crop agriculture contributes

up to 25% of global dust emissions, creating a potentially important source of biological

ice-nucleating particles which is yet to be fully understood. This thesis investigated dif-

ferent agricultural sources of ice-nucleating particles with the overall goal of determining

the extent to which agriculture influences regional and global ice-nucleating particle pop-

ulations. Agricultural soil samples from the UK and Canada were extracted to examine

the ice-nucleating activity of the submicron entities within the soil. This analysis revealed

that the ice-nucleating activity of agricultural soils from different locations varied signifi-

cantly but this variation was not attributable to concentrations of surfactants within the

soil. The ice-nucleating activity of two common fungal crop pathogens was also analysed

to determine the relative influence of crop agriculture on the regional ice-nucleating parti-

cle populations, which indicated that the ice-nucleating activity of these spores was stable

when stored. Finally, the size-resolved ice-nucleating particle concentrations of agricultural

soil samples were analysed using a lab-based aerosol chamber technique which showed that

the ice-nucleating activity of agricultural soils is evenly distributed across its size distribu-

tion. Through these techniques, we have been able to unpick some of the complexities in

understanding agricultural sources of ice-nucleating particles by highlighting the potential

importance of biological, macromolecular substances to the ice-nucleating activity of these

soils.
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1 Introduction

1.1 Clouds and their Importance

Clouds are a significant part of the climate system; playing a key role in regulating

the Earth’s radiative energy balance (Ceppi et al., 2017). The radiative effect of clouds

depends on several factors, including altitude, total cloud cover and optical thickness.

The total cloud cover and optical thickness determine the percentage of incoming, short-

wave (SW) solar radiation reflected from the Earth’s surface (Hartmann et al., 1992).

For example, optically thicker clouds, with greater overall cloud cover, will reflect more

SW radiation back into space. This increased reflectivity reduces the amount of radiation

reaching the Earth’s surface, therefore creating a cooling effect on the climate. On the

other hand, the altitude of a cloud determines the amount of outgoing, long-wave (LW)

radiation that the cloud can trap (Hartmann et al., 1992). For example, high-altitude

clouds are much colder than low-altitude clouds, meaning they absorb more LW radiation

at the top of the atmosphere, creating a warming impact on the climate. The phase of a

cloud also plays a role in its radiative effect.

Clouds can exist in liquid, ice or mixed-phase (which contains a mix of liquid and ice)

states. The phase of a cloud is predominately driven by altitude, as higher clouds exist

in much colder conditions, which generally tend to contain more ice. For example, cirrus

clouds, are thin, wispy clouds composed entirely of ice. Cirrus clouds are optically very

thin, meaning that they transmit the majority of SW radiation. Since cirrus clouds occur

at very low temperatures and very high altitudes, they tend to trap more LW radiation,

creating a net warming effect on climate. Mixed-phase clouds, which are of greatest

relevance to this thesis, and liquid clouds, have a net cooling effect as they exist at much

lower altitudes and tend to be optically thicker than ice clouds. The combined radiative

effect of aerosols on clouds has been shown to have a net cooling effect of -1.0 ± 0.7 W

m-2 (Forster et al., 2021) with the radiative effect of mixed-phase clouds having a global

net radiative effect of -3.4 W m-1 (Matus and L’Ecuyer, 2017).

Cloud radiative feedback is the change in the radiative flux at the top of the atmosphere

due to changes in cloud properties as a result of a warming climate (Ceppi et al., 2017;

Storelvmo et al., 2015; Storelvmo, 2017) and describes how atmospheric warming impacts

the radiative flux of clouds. In a warming climate, we will likely see a decrease in the

total low-level cloud cover, leading to reduced reflection of SW radiation and further
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exacerbation of climate warming. This scenario would be described as a positive feedback

mechanism. Convection will also increase in a warming world, especially in tropical and

subtropical regions, leading to an increase in cloud top height (Ceppi et al., 2017). As

the temperature of clouds decreases with altitude, increases in cloud top heights will lead

to an increase in the amount of LW radiation trapped by clouds at the Earth’s surface.

Therefore, increasing cloud heights resulting from atmospheric warming creates a positive

feedback mechanism which leads to further warming of the climate. Another possible

feedback mechanism pertains to the formation of ice in mixed-phase clouds creating shifts

in cloud dynamics (Murray et al., 2021). In a warming climate, the amount of ice formation

within mixed-phase clouds will likely decrease, creating a shift to more liquid cloud droplets

in these mixed-phase clouds. This change in the ratio of ice crystals to liquid cloud droplets

will likely lead to increased cloud lifetimes and reflectivity (more details in Section 1.2)

due to the overall increase in the optical thickness of the cloud. Therefore, we will likely

observe an increase in the reflection of SW radiation, which dampens the effect of the

increasing temperatures, forming a negative feedback response (Murray et al., 2021).

Increases in total aerosol concentrations will impact the microphysical properties of

clouds, also impacting the radiative properties of clouds (Haywood and Boucher, 2000).

Increasing concentrations of cloud condensation nuclei (CCN) leads to a greater number

of smaller cloud droplets, increasing the amount of SW radiation reflected by the cloud.

This creates a cooling impact on the climate by reducing the amount of SW radiation

reaching the Earth’s surface (Haywood and Boucher, 2000). Additionally, an increase in

CCN in clouds will lead to a reduction in the growth of liquid cloud droplets, restricting

their ability to grow large enough for precipitation to be initiated. As a result of this pre-

cipitation suppression, the atmospheric lifetimes of clouds will increase, further increasing

the amount of SW radiation reflected. The suppression of precipitation will also lead to

an increase in cloud thickness, which leads to an increase in the amount of LW radiation

trapped in the Earth’s atmosphere, as described above.

1.2 Atmospheric Ice Formation

Atmospheric ice formation is an important microphysical process within clouds. Ice

formation in clouds can affect their macrophysical properties; impacting their radiative

effects and lifetimes in the atmosphere. When clouds are cooled below 0 ◦C, pure liquid

cloud droplets have the potential to remain in a supercooled, metastable state until tem-
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peratures are as low as approximately −35 ◦C (Murray et al., 2012; Herbert et al., 2015).

Once ice formation is initiated, rapid glaciation of the supercooled cloud can occur as the

ice crystal grows at the expense of the surrounding liquid water droplets by a process

known as the Wegener-Bergeron-Findeisen (WBF) process (Korolev, 2007).

Cloud condensation nuclei, or CCN, are atmospheric particles that activate the for-

mation of cloud liquid water droplets. CCN are very common in the atmosphere, with

concentrations ranging from 10 to 100 cm-3 over remote marine locations, and from 100

to 1000 cm-3 in continental regions (Pruppacher and Klett, 2010). Atmospheric particles

that initiate the formation of ice in the atmosphere, also known as ice-nucleating par-

ticles or INP, are much rarer in the atmosphere by contrast and constitute only a very

small fraction of the background aerosol concentrations in the atmosphere (Rosinski et al.,

1986; Rogers et al., 1998). Only approximately 1 in 103 to 1 in 106 aerosol particles act

as INP in the atmosphere (DeMott et al., 2010; Murray et al., 2012). Given the rarity of

INPs in the atmosphere, clouds can persist in a supercooled state for extended periods,

which exacerbates the WBF process once INPs are present at their activation tempera-

ture (Lohmann and Feichter, 2005). The WBF process and the associated rapid growth

of ice crystals within clouds can trigger cloud precipitation and lead to the dissipation of

the cloud. Furthermore, this rapid glaciation of clouds can reduce their optical thickness,

impacting their radiative properties (see Section 1.1). Since INPs play an important role

in this process, our understanding of these particles is vital for our understanding of cloud

radiative effects and lifetimes.

1.2.1 Pathways of Ice Nucleation

There are two main pathways for atmospheric ice formation; homogeneous nucleation

and heterogeneous nucleation (as shown in Figure 1.1). Homogeneous nucleation is the

formation of ice in the absence of any particles or surfaces. In these pristine conditions,

cloud liquid water droplets persist in a supercooled, metastable state until temperatures

reach approximately −35◦C (Kanji et al., 2017; Murray et al., 2012; Herbert et al., 2015).

However, heterogeneous nucleation occurs only in the presence of INPs (Lohmann and Fe-

ichter, 2005; Murray et al., 2012), by providing a surface on which ice formation can occur.

Heterogeneous nucleation can take place at temperatures higher than the homogeneous

freezing temperature via one of four different modes described below.

The most common mode of heterogeneous nucleation in mixed-phase clouds is im-
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Figure 1.1: Illustration of the different ice nucleation pathways in the atmosphere.
Figure taken from Kanji et al. (2017).

mersion freezing (Lohmann and Diehl, 2006). Immersion freezing occurs when particles

immersed in the cloud droplet become activated as INPs. The INPs will initiate freezing

in the cloud droplet when its characteristic freezing temperature is reached, which varies

depending on the type and composition of INP (see Section 1.2.3). Commonly, the particle

responsible for freezing will first act as a CCN, which activates the formation of the cloud

droplet. The particle will later become activated as an INP when supercooling allows it

to reach its activation temperature. However, the CCN is not always responsible for the

activation of immersion freezing as other particles within the droplet may be activated as

INPs.

Condensation freezing differs from the immersion freezing mode in that the entire

process occurs within a supercooled cloud. In condensation freezing, the activation of the

CCN, which initiates the formation of the water droplet, occurs at the same time as the

initiation of the ice formation. Therefore, water forms within a supercooled cloud and

then rapidly freezes and grows into an ice crystal. Contact freezing occurs when aerosol

particles come into direct contact with the surface of a supercooled cloud droplet, meaning

ice formation occurs at the air-water interface of the cloud droplet.
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When water vapour deposits directly onto an aerosol particle as ice, this is known

as deposition nucleation (Vali et al., 2015), meaning bulk water does not need to be

present for ice formation to occur, as ice formation occurs as a gas-to-solid phase process.

Deposition nucleation occurs at much lower temperatures compared to other nucleation

modes, meaning that this nucleation mode tends to be of secondary importance in mixed-

phase clouds but may be the dominant pathway of nucleation in cirrus clouds. There

has been some debate as to whether true deposition freezing occurs in the atmosphere.

Instead, it is thought that microscopic quantities of liquid water first form in the cracks and

pores of aerosol particles and that this water then goes on to freeze either homogeneously

or heterogeneously, in a process called pore condensation freezing (Marcolli, 2014; David

et al., 2019).

1.2.2 Classical Nucleation Theory

Classical nucleation theory, or CNT, is usually used to describe the rate of nucleation

of particles as a result of a phase change from the vapour phase into liquid or solid

particles (Seinfeld and Pandis, 2016). This theory can be used to predict the formation

of ice in clouds from supercooled liquid cloud droplets and the role of other substances

within the cloud to increase ice formation efficiency through heterogeneous ice nucleation

(Ickes et al., 2015). The theory uses the assumption that nucleation is a time-dependent

and stochastic process, with an even distribution of nucleation probabilities across the

homogeneous liquid.

1.2.2.1 Homogeneous Ice Nulceation

As detailed above, homogeneous ice nucleation describes the formation of ice crystals from

supercooled water droplets. Ice formation can be triggered in this way from the formation

of stable ice embryos within the water. These ice embryos are clusters of water molecules

which are initially very unstable and likely to be redissolved back into the supercooled

water. The Gibbs Free energy of the system (∆G) between the ice embryo and the bulk

liquid water is the energy barrier for the formation of ice embryos within the system. ∆G

can be described by the sum of the Gibbs free energy of the surface (∆GS) and the Gibbs

free energy of the volume (∆GV) between the cluster and the bulk (Eq. 1) (Mullin, 2001).

∆G = ∆GS +∆GV (1)
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Assuming that the ice cluster is spherical with a radius of r and an interfacial tension

between the supercooled water and ice of γ, ∆GS represents the energy barrier to forming

the surface of the ice cluster and can be described by:

∆GS = 4πr2γ (2)

For the same ice cluster, the volume term, ∆GV, is the energy barrier per unit volume

of the phase change from liquid water to ice and can be described as:

∆GV = −4πr3

3v
kBT lnSi (3)

where r is the raduis of the cluster, v is the volume of the water molecule, kB is the

Boltzmann constant (1.38 × 10−23 J K-1), T is the temperature of the system and Si is

the supersaturation with respect to ice. Since the surface term, ∆GS, is positive and the

volume term, ∆GV, is negative (Figure 1.2) with increasing cluster sizes, there is a critical

cluster radius (r∗) at which the Gibbs free energy is at its maximum. This r∗ is the size

that the ice cluster needs to be for ice growth to become thermodynamically favourable

and for it to become stable. The critical cluster radius can be described as follows:

r∗ =
2vγ

kBT lnSi
(4)

To find the value for the Gibbs free energy of the formation of the critical cluster, or

∆G∗, we can substitute Eq. 2 and Eq. 3 into Eq. 1 and then further substitute in Eq. 4,

as follows:

∆G∗ =
16πv2γ3

3(kBT lnSi)2
(5)

Since CNT determines the rate of formation of these critical clusters, this critical Gibbs

free energy can be used to determine the rate of homogeneous nucleation, Jhom (cm-3 s-1),

shown as follows:

Jhom = Ahom exp

(
−∆G∗

kBT

)
(6)

Jhom = Ahom exp

(
− 16πv2γ3

3k3BT
3 lnSi

2

)
(7)
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Figure 1.2: The change in Gibbs Free Energy (∆G) for the homogeneous nucleation
of ice from supercooled water showing the volume term (∆GV), the surface term (∆GS), the
critical energy barrier for nucleation (∆G∗) and the critical radius (r∗).

where Ahom is a pre-exponential factor mostly related to the self-diffusion of water.

Since Jhom is an exponential term, the rate of formation of critical ice embryos within

supercooled water is highly sensitive to the temperature of the system and the factors

influencing the value of ∆G∗.

1.2.2.2 Heterogeneous Ice Nulceation

Heterogeneous ice nucleation requires the presence of a surface, which acts to lower the free

energy barrier to critical cluster formation (∆G∗). This surface is often in the form of a

particle, as an INP, which lowers the free energy for critical cluster formation (Ickes et al.,

2015). The degree to which an INP can lower the free energy barrier to the formation of

critical ice clusters depends on the interactions with the particle at the surface, which can

be described as follows:

ϕ =
(2 + cos θ)(1− cos θ)2

4
(8)

where ϕ is the reduction factor applied to ∆G∗ to alter the free energy compared to

homogeneous nucleation conditions and cos θ is the contact angle between the ice embryo

and the nucleating surface (or INP). Therefore, the contact angle between the ice embryo
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Figure 1.3: The change in Gibbs Free Energy (∆G) for heterogeneous nucleation of
ice from supercooled water. showing the critical energy barrier for heterogeneous nucleation
(∆G∗) with different contact angles between the ice embryo and the nucleating surface (θ) and the
critical radius (r∗).

and the INP is important for determining the critical energy barrier for heterogeneous

nucleation, with lower contact angles lowering the energy barrier to nucleation (Figure

1.3). For example, when θ is equal to 0°, ϕ is equal to 0, which would remove the free energy

barrier to ice nucleation, indicating that the particle is the most efficient ice nucleator. On

the other hand, if θ is equal to 180°, then the particle has practically no contact with the

ice embryo, ϕ would be equal to 1 and the particle will have no effect on ice nucleation.

The heterogeneous nucleation rate, or Jhet (cm-3 s-1), can be calculated in a similar

way to the homogeneous nucleation rate but with the addition of the reduction factor, ϕ,

shown as follows:

Jhet = Ahet exp

(
−ϕ∆G∗

kBT

)
(9)

Jhet = Ahet exp

(
− 16πv2γ3

3k3BT
3 lnSi

2

)
· 1
4
(2 + cos θ)(1− cos θ)2 (10)

where Ahet is a pre-exponential factor mostly related to the self-diffusion of water.

In reality, heterogeneous ice nucleation is a lot more complex than what is described in
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Eq. 10. CNT uses the assumption that the surface of the particle is uniform and its

ice-nucleating ability is distributed evenly across the surface. However, this assumption is

an oversimplification when applied to real atmospheric INPs. The ice-nucleating ability

of individual INPs is not distributed evenly across the surface. Instead, the surface of

each INP is made up of individual ice-active sites meaning that the nucleation rate varies

across the surface.

1.2.3 Types and Sources of Ice-Nucleating Particles

As discussed above, INPs consist of only a small subset of atmospheric aerosol particles

(Rogers et al., 1998; DeMott et al., 2010), although, the exact nature of INPs and what

constitutes an efficient ice nucleator remains unknown. The surface of the particles plays an

important role as it acts as a template for ice formation (Ickes et al., 2015). It is known that

on insoluble INPs, specific sites activate ice formation at specific temperatures. Therefore,

we need to understand the nature of particles that act as INP in the atmosphere.

One of the most important and abundant INPs in the atmosphere, active below −10 ◦C,

is mineral dust (DeMott et al., 2003; Atkinson et al., 2013; Niemand et al., 2012). There

are many sources of natural mineral dust, including soils and volcanoes (Maters et al.,

2020), but the most significant sources of mineral dust in the atmosphere are from deserts

(DeMott et al., 2003; Boose et al., 2016). In 2001, the emission rate of desert dust was

determined to be between 1604 to 1960 Tg yr-1 (Ginoux et al., 2001). Since then, climate

change has only led to further increases in these emission rates, with desertification dras-

tically increasing the primary sources of mineral dust in the atmosphere and changes in

weather patterns leading to more intense droughts which increase dust emissions. The high

emissions and larger spread of desert dust across the globe means that its ice-nucleating

ability is important for many regions. Since it is so important to cloud glaciation, the ice-

nucleating ability of mineral dust has been investigated extensively (DeMott et al., 2003;

Niemand et al., 2012; Niedermeier et al., 2015; Harrison et al., 2016). Of the different

minerals commonly found in mineral dust, potassium-feldspar (K-feldspar) is the most

effective ice nucleator (Atkinson et al., 2013; Harrison et al., 2016; Boose et al., 2016).

Other minerals, such as clay and quartz, have been investigated for their ice-nucleating

abilities. Still, clay minerals tend to nucleate ice at lower temperatures and the active sites

on quartz are sensitive to ageing in air and water (Harrison et al., 2019). Therefore, it is

thought that the ice-nucleating activity from mineral dust is dominated by K-feldspar.
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Many other INP types have been identified with a variety of different ice-nucleating

abilities. For example, in more remote, marine locations sea spray and biogenic marine

aerosol tend to dominate ice nucleation (Wilson et al., 2015; Si et al., 2018). Furthermore,

some primary biological particles, such as bacteria, fungi and pollen, have been identified

as ice-active (Möhler et al., 2008; Morris et al., 2013; Augustin et al., 2013). Other organic

substances, mostly from the breakdown of plant material like cellulose and lignin, can also

nucleate ice (Vali et al., 1976; Steinke et al., 2020). Additionally, some organic biomass-

burning aerosols are very effective ice nucleators (Prenni et al., 2012; McCluskey et al.,

2014). It is thought that, although combustion aerosol may not contribute significantly

to atmospheric INP concentrations (Schill et al., 2020; Adams et al., 2021), certain par-

ticles released from combustion events may influence ice formation in clouds close to the

combustion source (Grawe et al., 2016; Schill et al., 2016). Given the uncertainties in the

relative contributions of different aerosol sources to INP concentrations in the atmosphere,

more observations are needed to better understand the nature and abundance of different

INP sources.

1.2.4 Ice-Nucleating Particle Size Distributions and Atmospheric Lifetimes

The size of an aerosol particle contributes to its atmospheric lifetime. Large aerosol

particles tend to fall out of the atmosphere rapidly by sedimentation, whereas exceedingly

small particles rapidly grow by coagulation (Feichter and Leisner, 2009), this is particularly

important in the free troposphere. Therefore, it is the mid-range size particles that tend

to have the longest atmospheric lifetimes, on the order of days to tens of days compared

to minutes to hours for much smaller and much larger particles (Figure 1.4). These mid-

range sized particles are known as accumulation mode aerosols and they range in size from

approximately 0.01 to 10 µm (Figure 1.4). Accumulation mode aerosols tend to be the

size range of particles that accumulate in the atmosphere and are the most important for

the long-range transport of ice-nucleating material and therefore, are the most important

for cloud glaciation. In some cases other size ranges can be important for cloud glaciation,

like in deep convective clouds where large amounts of air are drawn from the boundary

layer, so larger particles become more relevant.

Only a few studies have investigated the size distribution of INPs in the atmosphere

and the majority of these studies have focused on the analysis of ambient dust samples

(DeMott et al., 2010; Mason et al., 2016; Reicher et al., 2019; Porter et al., 2020). In
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Figure 1.4: The size dependence of the lifetime of aerosol particles in the atmosphere.
Figure taken from Feichter and Leisner (2009).

pure mineral dust aerosol, the number of ice-active sites scales with surface area, meaning

that larger particles tend to be associated with greater ice-nucleating activities. Reicher

et al. (2019) examined the size distribution of INP in atmospheric dust events in the

Mediterranean and found that submicron particles (particles less than 1 µm) and super-

micron particles (particles greater than 1 µm) had different ice-nucleating activities. They

showed that supermicron particles had higher ice-active site densities per surface area (ns)

compared to submicron particles, which remained consistent across different dust events.

Similarly, Mason et al. (2016), who examined size-segregated INP concentrations from

ambient aerosol samples in six different locations across North America and Europe, also

showed that supermicron particles have a greater ice-nucleating ability when compared

to submicron particles. Porter et al. (2020) investigated the size-resolved concentration

of INP whilst developing the SHARK instrument. They observed that the size distribu-

tion of INP varied by location and that submicron particles sometimes contributed more

significantly to the INP concentration, such as in Hyytiälä in Finland, which is a boreal

forest research station (Porter et al., 2020), suggesting that supermicron particles may not

dominate in organic-rich aerosol samples.
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1.3 Biological Aerosols as Ice-Nucleating Particles

Primary biological aerosol particles (PBAPs) are aerosol particles in the atmosphere

that originate from the biosphere and consist of bacteria, pollen, fungi, algae, viruses, and

biological fragments (e.g. leaf litter, insects etc.) and molecules (e.g. proteins, lipids and

polysaccharides) (DeMott et al., 2010; Fröhlich-Nowoisky et al., 2015). These biological

materials are found in various aerosol sources, including soil dust, marine aerosols, an-

thropogenic emissions and vegetation (Lindemann et al., 1982; Bigg, 1973; Wilson et al.,

2015; Steinke et al., 2016; Knackstedt et al., 2018).

PBAPs are thought to contribute significantly to atmospheric aerosol concentrations,

with cellular material and proteins potentially contributing up to 25% to global atmo-

spheric aerosol concentrations (Jaenicke, 2005; Després et al., 2012). However, local emis-

sions of biological aerosols have significant temporal and spatial variations (Jaenicke, 2005;

Huffman et al., 2010), meaning that their overall contribution to global atmospheric aerosol

and INP concentrations is hard to predict and may not be very significant when consider-

ing the annual average concentrations (Hoose et al., 2010; Spracklen and Heald, 2014). A

subset of PBAPs can nucleate ice at temperatures above −10 ◦C (Möhler et al., 2008; Diehl

et al., 2001; Hader et al., 2014), making them potentially important ice nucleators at rela-

tively high atmospheric temperatures. However, a lack of measurements and knowledge of

the mechanisms of ice nucleation in biological materials means that the exact importance

of PBAPs as atmospheric ice nucleators remains poorly understood.

1.3.1 How do Biological Aerosols Nucleate Ice?

1.3.1.1 Bacteria

The ice-nucleating activity of bacteria was first discovered in the Pseudomonas genus in

the 1970s (Maki et al., 1974; Arny et al., 1976; Vali et al., 1976; Maki and Willoughby,

1978). Maki et al. (1974) showed that the ice-nucleating ability of bacteria was lost when

the cell was physically or chemically destroyed, leading to the conclusion that only whole

cells could nucleate ice. However, later work revealed that the ice-nucleating ability of

the bacteria cells was related to their ability to express certain ice-nucleating proteins

(Phelps et al., 1986; Govindarajan and Lindow, 1988). These ice-nucleating proteins have

active sites which template ice, allowing ice formation on their surface. The proteins are

coded into the bacteria’s genetic information as an ice nucleation active gene (ina gene),

which can be detected using DNA sequencing techniques (Green and Warren, 1985; Wex
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et al., 2015; Hill et al., 2016), allowing their ice-nucleating ability to remain associated

with fragments of ice-active bacterial cells (Šantl Temkiv et al., 2015). The ability of

ice-nucleating proteins to effectively nucleate ice is susceptible to heating and pH changes.

When heated, the proteins become denatured and change shape, meaning that the active

sites for ice nucleation are lost and the ice-nucleating ability of the bacteria is significantly

reduced or lost completely (Christner et al., 2008; Conen et al., 2011).

The most well-characterised ice-active bacteria species is Pseudomonas syringae, which

has been shown to have onset freezing temperatures of up to −2 ◦C (Maki et al., 1974;

Maki and Willoughby, 1978). Due to its high levels of ice-nucleating ability, non-viable

P. syringae bacteria and their fragments are the main constituents of Snomax, a com-

mercially available material which is used for snow production. More recent studies have

shown that aggregation of ice-nucleating proteins within the membranes of bacteria cells

(either whole or fragments of the cell wall) is important for their ice-nucleating ability

(Hartmann et al., 2022; Lukas et al., 2022). The size of the proteinaceous aggregates of P.

syringae determines the temperature at which the protein can initiate freezing (Qiu et al.,

2019). There are three different classes of aggregation associated with different freezing

temperatures; Class A which triggers freezing at −3 ◦C, Class B which triggers freezing at

−5 ◦C and Class C which triggers freezing at −8 ◦C (Lukas et al., 2022). Aggregation of

proteinaceous ice-nucleating macromolecules (INMs) is likely influenced by electrostatic

and hydrophobic interactions between proteins and components of the bacterial membrane

(Lukas et al., 2020; Schwidetzky et al., 2021).

Other bacteria have been examined for their ice-nucleating abilities and many active

components have also been found to be proteinaceous in nature (Failor et al., 2017). Cer-

tain ice-active bacteria, however, are resistant to both heat treatments and digestion by

lysosome or proteinase treatments. For example, the ice-nucleating ability of the Lysini-

bacillus genus has been shown to be heat and digestion stable (Failor et al., 2017). This

observation suggests that the ice-nucleating ability of this bacteria genus is not associated

with ice-nucleating proteins.

1.3.1.2 Fungal Material

Early investigations into the ice-nucleating activity of fungal species started with lichens,

a composite organism consisting of algae and fungi in a symbiotic relationship. Since

ice-active bacteria could not be isolated from lichen and its ice-nucleating activity was

resistant to heat treatments, it was concluded that the ice-nucleating ability of lichens was
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not associated with ice-active bacteria (Kieft, 1988; Kieft and Ruscetti, 1990).

Later work by Pouleur et al. (1992) aimed to investigate the ice-nucleating ability of

fungal species by testing 20 genera of fungi for freezing at −5 ◦C. They highlighted two key

species of fungi with the ability to nucleate ice above −5 ◦C, both of them were Fusarium

species, a common soil fungus. Later, more species of Fusarium were investigated by

Richard et al. (1996) and found more ice-active species. Further investigations into soil

fungi, including Fusarium andMortierella species, have found high ice-nucleating activities

(Fröhlich-Nowoisky et al., 2015; Kunert et al., 2019). It was initially thought that the

ice-nucleating ability of these fungal species was not proteinaceous, since Pouleur et al.

(1992) showed that the ice-nucleating ability of Fusarium acuminatum and Fusarium

avenaceum was more stable after heat treatments to 60 ◦C compared to ice-active bacteria.

However, more recent research has indicated that the ice-nucleating activity of soil fungus

is significantly reduced after exposure to heat treatments above 90 ◦C, suggesting this ice-

nucleating ability is attributable to proteins (Fröhlich-Nowoisky et al., 2015; Kunert et al.,

2019). Therefore, it is now thought that the ice-nucleating activity from Fusarium species,

and other similar soil fungi, is proteinaceous. However, the nature of the fungal INPs is

different to bacterial INPs since fungal INPs are more resistant to heat and pH treatments

and the activity of these INPs is not dependent on membrane lipids (O’Sullivan et al.,

2015).

Other fungal species have been investigated for their ice-nucleating abilities. Some fun-

gal spores, such as those of Cladosporium species, a common plant fungus, have little to

no ice-nucleating activity above −15 ◦C (Iannone et al., 2011; Haga et al., 2013). Iannone

et al. (2011) concluded that the hydrophobic outer coating which is often found on fungal

spores, called hydrophobins, limits the interaction of the spores with water, restricting

their ability to form close lattice match for ice formation. On the other hand, further

work by Morris et al. (2013) found that fungal spores of some species of rust fungi can nu-

cleate ice above −10 ◦C, suggesting a higher ice-nucleating activity. However, the relative

active-site density per spore was relatively low and atmospheric concentrations of these

spores may not be high enough to contribute to atmospheric INP concentrations (Morris

et al., 2013). Given all of this, it is unlikely that fungal spores contribute significantly

to INP populations, but further work is needed to determine the relative importance of

this material to atmospheric INP concentrations (Iannone et al., 2011; Haga et al., 2013;

Morris et al., 2013).
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1.3.1.3 Pollen

The ice-nucleating ability of pollen grains was first examined much later than that of bac-

teria and fungi (Diehl et al., 2001, 2002). Pollen was found to be an effective ice nucleator

in itself, without any ice-nucleating ability from associated bacteria species (Diehl et al.,

2001). However, it initiates the formation of ice at lower temperatures compared to the

ice-nucleating proteins associated with most bacterial species (Diehl et al., 2001). Later,

Pummer et al. (2012) found that the ice-nucleating ability of pollen grains was attributable

to macromolecules that were easily washed off the pollen surface, into suspension. They

also showed that these INMs were resistant to heat and lysosome treatments, indicating

that they were not proteinaceous (Pummer et al., 2012).

Further studies by Augustin et al. (2013) found that birch pollen grains can produce

two different types of INMs that initiate freezing at different temperatures. They classified

these ice nucleation active (INA) macromolecules as INA-α and INA-β (Augustin et al.,

2013). It has also been shown that aggregation of the polysaccharide molecules that con-

tribute to the ice-nucleating ability of pollen is important for their ice-nucleating activity

(Dreischmeier et al., 2017). Smaller polysaccharide molecules have been shown to act as

ice-binding particles (IBPs), but when the same molecules form into larger aggregates,

they then act as INPs (Dreischmeier et al., 2017).

1.3.1.4 Other Biological Materials

Other biological materials have also been investigated for their ice-nucleating abilities.

For example, plant cell fragments such as cellulose, lignin and polysaccharides have all

been shown to be ice-active compounds. Lignin is a biopolymer, most commonly found

in woody plants and it forms a vital part of the structure of plant cells (Boerjan et al.,

2003). The ice-nucleating activity of lignin is lower than other biological materials, with

most freezing occurring below −15 ◦C (Bogler and Borduas-Dedekind, 2020). However,

with lignin contributing up to 30% of the total organic carbon in the environment (Boer-

jan et al., 2003) along with its relative stability to atmospheric processing (Bogler and

Borduas-Dedekind, 2020), the overall contribution of lignin to INP concentrations may

be more significant than what models currently represent. Cellulose is also an important

component of plant cells. The structure and composition of cellulose depend on its source

and the environmental conditions the plant grows in. Cellulose is also present in the

atmosphere on large temporal and spatial scales (Sánchez-Ochoa et al., 2007) and its ice-

nucleating ability is similar to that of mineral dust and lignin, with freezing temperatures
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mostly below −15 ◦C (Hiranuma et al., 2019).

Initial investigations into the ice-nucleating ability of viruses found little to no ice-

nucleating activity (Junge and Swanson, 2008). However, further study by Cascajo-

Castresana et al. (2020) showed that the tobacco mosaic virus, a common plant virus

which infects many plants across the globe, can nucleate ice with an ice-active site density

of 104 mg-1 at −20 ◦C. Furthermore, Adams et al. (2021) investigated a range of differ-

ent virus types and found their ice-nucleating ability varied significantly. However, the

overall ice-nucleating ability of viruses is much lower than that of other terrestrial and

marine INP types, suggesting that they do not play a substantial role in cloud glaciation

(Cascajo-Castresana et al., 2020; Adams et al., 2021).

1.3.2 Sources of Biological Ice-Nucleating Particles

The ice-active biological particles discussed above are found in a variety of different

sources in the environment including soils, vegetation, and both fresh and ocean waters.

Any of these environments can act as sources of biological INPs into the atmosphere, so

many studies have investigated these potential sources to attempt to understand their

relative contributions to atmospheric biological INP concentrations. The following section

will discuss these different studies and sources of biological INPs in more detail.

1.3.2.1 Soils

Fertile soils are made up of a complex mix of mineral dust and small amounts of biological

and organic material. This biogenic material consists of either microbes such as bacteria

and fungi living within the soil or organic matter released during the breakdown of living

organisms like plants, such as lignin, cellulose and polysaccharides. The presence of this

biogenic material in soil dust can significantly enhance its ice-nucleating ability compared

to pure mineral dust (Conen et al., 2011; O’Sullivan et al., 2014; Augustin-Bauditz et al.,

2016). For example, a lab-based study conducted by Augustin-Bauditz et al. (2016) re-

vealed that even a very small amount of biological material added to mineral particles

was able to influence the freezing behaviour of the particles. Furthermore, analysis of soil

samples collected in the field indicates that up to 90% of ice-nucleating activity at temper-

atures above −9 ◦C is attributable to heat-labile, likely biological materials (Conen et al.,

2011; O’Sullivan et al., 2014; Hill et al., 2016). In particular, Steinke et al. (2016) showed

that the ice-nucleating activity of soil samples collected from four different locations was

greater than the ice-nucleating activity of mineral dust, particularly at temperatures over
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−15 ◦C.

Heat-stable organic materials also contribute significantly to the ice-nucleating ability

of fertile soils (Hill et al., 2016; Steinke et al., 2020). A study by Hill et al. (2016) found that

99% of the observed ice-nucleating activity at −18 ◦C was only removed after treatment

with H2O2. The sensitivity of this material to hydrogen peroxide treatment suggests that

the ice-nucleating ability was not attributable to minerals in the soil, indicating that other

organic components such as lignin or cellulose must be responsible (Hill et al., 2016). A

similar study by Steinke et al. (2020) investigated the ice-nucleating activity of organic

compounds commonly found in fertile soils from the breakdown of plant materials, such

as lignin, starch, and plant protein. They found that the ice-nucleating activity of the

individual organic compounds was similar to or lower than the ice-nucleating activity of

agricultural soils, indicating that these compounds make up a significant proportion of the

ice-nucleating activity of these soils (Steinke et al., 2020).

Fungal proteins have also been identified as particularly important contributors to

the ice-nucleating ability of fertile soils (Fröhlich-Nowoisky et al., 2015; O’Sullivan et al.,

2015, 2016; Hill et al., 2016). For example, fungal INMs have been shown to adhere to

clay minerals preferentially in soil suspensions, suggesting that the prevalence of biologi-

cal material, particularly fungal INMs, in mineral dust is highly likely in many locations

(O’Sullivan et al., 2016). The heat-labile portion of the ice-nucleating activity of soil

samples investigated by Hill et al. (2016) was most likely associated with fungal proteins

since no known ice-active bacteria were found during the study. The ice-nucleating ac-

tivity of common soil fungi, such as Fusarium and Mortierella species, is widespread and

frequent across different species and soil sample locations (Fröhlich-Nowoisky et al., 2015;

O’Sullivan et al., 2015; Conen and Yakutin, 2018; Kunert et al., 2019). The ice-nucleating

ability of these fungi is proteinaceous in origin but is slightly more stable to heat treat-

ment than ice-active bacteria, suggesting that these INMs will have a higher stability in

atmospheric conditions (Kunert et al., 2019).

Given all of the above, the complexity of soil makes it hard to predict its ice-nucleating

abilities. A study by O’Sullivan et al. (2014) examined soil samples taken at four different

locations across England and found that above −15 ◦C, the ice-nucleating ability of the

samples were dominated by heat-labile, carbonaceous components and below this temper-

ature, mineral dust seemed to dominate. However, they did not find a direct link between

the organic carbon concentration and the ice-nucleating ability of the soils. The soil sam-
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ple with the highest carbon fraction, at 12.7%, had very similar ice-nucleating activity as

the soil samples with much lower carbon contents (2.5% and 2.9%), suggesting that the

increased carbon content did not directly contribute to an increase in ice-nucleating activ-

ity (O’Sullivan et al., 2014). Therefore, it is hard to represent this increased ice-nucleating

activity of fertile soils in atmospheric models and further investigations are required to

break down the complexities of soil dust to improve the parameterisations of these INP

sources in models.

1.3.2.2 Vegetation

Some of the earliest investigations into biological INPs found a high ice-nucleating ability

in decaying leaf litter (Schnell and Vali, 1972, 1973; Schnell and Tan-Schnell, 1982) and

found that its ice-nucleating ability was much greater than that of fresh or living leaves.

This observation indicates that the ice nuclei were released as a result of active bacterial

decomposition (Schnell and Vali, 1972). Furthermore, the ice-nucleating activity derived

from decaying leaf litter was found to be consistent across many parts of the Northern

Hemisphere (Schnell and Vali, 1973). For example, Conen et al. (2016) found that mi-

crobial activity in decaying leaf litter in the Arctic was an important source of INPs and

Conen et al. (2017) found an increase in warm temperature INP concentrations associated

with the shedding of leaves in autumn. Furthermore, the bacteria Pseudomonas syringae

was found to be present in decaying leaf litter samples, indicating that ice-active bacteria

contribute to the ice-nucleating ability of decaying leaves (Maki et al., 1974; Schnell and

Vali, 1976).

The leaves of living plants are also a source of INPs. Some studies have successfully

isolated ice-active bacteria species from the leaves, including P. syringae, of various plant

species (Lindow et al., 1978; Maki and Willoughby, 1978; Lindemann et al., 1982). Lin-

demann et al. (1982) found ice-active bacteria were present on leaf samples collected from

five different locations across the US in large enough quantities to induce frost damage to

the plants. Leaves may also act as a source of INPs when infected with fungal pathogens.

Some wind-dispersed fungal pathogens have been shown to be ice-active meaning they can

be easily blown off the leaves of infected plants, releasing INPs into the atmosphere (Haga

et al., 2013; Morris et al., 2013).

Trees can also act as a source of INMs from pollen and other similar plant compounds

(Pummer et al., 2012; Hader et al., 2014). A study by Felgitsch et al. (2018) found INMs

with similar freezing behaviour to those found in pollen washing waters in samples taken
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from different parts of birch trees, including the leaves and bark. They argued that the

observed ice-nucleating activity was not attributable to ice-active bacteria since they had

filtered their samples to 0.22 µm removing bacterial cells and cell fragments, which they

believed were required to maintain the ice-nucleating activity of the bacteria (Felgitsch

et al., 2018).

1.3.2.3 Marine

In remote, marine locations, continental aerosol sources do not dominate aerosol or INP

concentrations (Bigg, 1973). Sea Spray Aerosols (SSAs) are the dominant source of at-

mospheric particles in marine environments. SSAs are often enriched in organic material

from the sea surface microlayer (SML), when debris from living organisms, such as phyto-

plankton and algae, collect at the sea-air interface (Wilson et al., 2015). At the surface of

the ocean, wave action and bubble bursting create jet drops and film droplet aerosols that

are enriched in organic material from the SML. It has been shown that the enrichment of

these SSAs with organic material enhances their ability to nucleate ice (Burrows et al.,

2013; Wilson et al., 2015; DeMott et al., 2016). In particular, Wilson et al. (2015) took

sea samples from both the SML and from bulk seawater and found that the concentration

of INPs was greater in the SML samples compared to the bulk seawater samples.

Some studies have been able to show a direct link between the presence of algal blooms

and an increase in ice-nucleating activity of SSAs (Knopf et al., 2011; Wolf et al., 2019).

Wolf et al. (2019) highlighted the potential importance of hydrophilic macromolecular

compounds to the ice-nucleating ability of SSAs and hypothesised that the origin of these

compounds was from polysaccharides, liposaccharides or proteins. McCluskey et al. (2018)

conducted a mesocosm experiment to investigate the ice-nucleating ability of marine bio-

logical aerosols. They found that during phytoplankton blooms, there were two distinct

populations of marine bioaerosol contributing to SSA ice-nucleating activity. Dissolved or-

ganic matter peaks in emissions in the middle of the dense phytoplankton blooms, whereas

particular organics from intact or fragmented cells peak in emissions during the decline of

the phytoplankton bloom (McCluskey et al., 2018). In contrast, however, studies investi-

gating the ice-nucleating activity of the SML and bulk seawater in the Canadian Arctic

did not observe an enrichment in biological INPs in the SML (Irish et al., 2017, 2019b).

The exact reasons for these discrepancies in observations are not yet fully understood and

more research is needed to better understand the relative importance of the SML to the

ice-nucleating ability of SSAs.
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1.3.2.4 Fresh Waters

In addition to seawater, freshwater sources including lakes, rivers and streams are also

sources of INPs in the atmosphere. In a similar way to the ocean, bubble bursting in tur-

bulent waters acts as an emission mechanism for aerosols from freshwater sources (Leifer

et al., 2006). These freshwater sources have been shown to harbour bacteria, fungi, pollen,

lichen and biogenic macromolecules that act as INP and are washed in runoff from river

watersheds (Maki and Willoughby, 1978; Morris et al., 2008; Knackstedt et al., 2018; Mof-

fett et al., 2018; Einbock et al., 2023). The relative abundance of ice-nucleating substances

in freshwater sources is much greater than the abundance of INP in seawater (Irish et al.,

2017; Moffett et al., 2018). For example, Moffett et al. (2018) found that the concentration

of INP per mililitre (NINP) at −10 ◦C for freshwater samples taken from surface waters in

the US were on average 4950 mL-1, which is nearly four orders of magnitude greater than

the INP concentrations in seawater samples. They hypothesised that this high concentra-

tion of INPs found in freshwater sources was due to the accumulation of ice-nucleating

material from freshwater runoff (Moffett et al., 2018).

Some previous studies, which specifically investigated the relative abundance of ice-

active bacterial species in rivers and lakes, also found them to be present in large num-

bers (Maki and Willoughby, 1978; Morris et al., 2008). Furthermore, Knackstedt et al.

(2018) investigated the ice-nucleating activity of freshwater samples from Lake Erie and

the Maumee River and found a distinct correlation between the NINP at −10 ◦C and the

volume of the river discharge, or the amount of rainwater runoff from the river watershed

(Knackstedt et al., 2018). Their findings suggest that the INP concentrations in freshwater

are highly dependent on the river watershed and that many of the organic macromolecules

contributing to the ice-nucleating ability of freshwater are from terrestrial origins. This

link between the INP concentration of water and the terrestrial river runoff was also seen

in studies in the Canadian Arctic (Irish et al., 2019a,b). They observed a strong link be-

tween the NINP in SML and bulk seawater samples with the amount of precipitation and

terrestrial runoff. These observations indicated that either the INPs found in Canadian

Arctic waters originate from terrestrial locations, or that precipitation provides nutrients

which enhance the production of marine biogenic INPs from marine organisms (Irish et al.,

2019a).
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1.3.3 Identifying Biological Ice-Nucleating Particles

Biological INPs are usually detected in samples by the observed reduction in ice-

nucleating activity after degradation from physical, chemical or biological treatments (Co-

nen et al., 2011; Conen and Yakutin, 2018; Felgitsch et al., 2018; Daily et al., 2022). As

mentioned above, ice-active fungal proteins (like those found in Fusarium species) are more

tolerable to heat than ice-active bacterial proteins. However, exposing either of these pro-

teins to temperatures greater than 90 ◦C has been shown to completely remove their warm

temperature freezing activity (as demostrated in Figure 1.5). Using heat treatments to

test for the relative contribution of biological INPs to an environmental sample is, however,

limited. Some biogenic INPs, such as polysaccharides, cellulose and others derived directly

from plant cells, are very resistant to heat treatments. Therefore, it may not be correct

to assume that all remaining ice-nucleating activity after heat treatment is attributable

to mineral dust INPs. In addition, some studies have found that heating environmental

samples can lead to an increase in ice-nucleating activity, but the exact reason for this

increase remains unclear (McCluskey et al., 2018; Beall et al., 2020). It is hypothesised

that the observed increases in ice-nucleating activity after heating are due to aggregates

dissolving in the solution, releasing more ice-active sites, or from the degradation of plant

cells also leading to the release of ice-nucleating substances into the solution. However, the

exact mechanism of the increase in ice-nucleating activity after heating remains unknown

and more studies are needed to better understand this response.

Other treatments can be used to identify the presence of biogenic INPs in environ-

mental samples. The use of hydrogen peroxide to digest biological material has been used

to determine if the remaining ice-nucleating activity after heat treatments is related to

heat-stable organic material rather than minerals (O’Sullivan et al., 2014; Tobo et al.,

2014; Suski et al., 2018; Tobo et al., 2019). This technique is useful because it digests

all biogenic material so it can remove all ice-nucleating activity associated with biological

INP within the sample. However, since it requires the addition of a reagent, this technique

is not as convenient as heat treatment techniques.

There are other ways we can identify biological materials in ice-active samples, such as

DNA sequencing (Garcia et al., 2012; Huffman et al., 2013), microscopy (Huffman et al.,

2013; Sanchez-Marroquin et al., 2021) or culturing (Morris et al., 2013). These methods

can be very useful, as they allow the identification of biological material without relying

on heat treatments. For example, DNA sequencing has allowed us to identify the gene
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Figure 1.5: Fraction of frozen droplet (fice(T )) spectra illustrating characteristic heat
treatment responses for (a) a dry heat-sensitive mineral INP (BCS-376 microcline),
(b) a wet-heat-sensitive mineral INP (Fluka quartz), (c) a wet-heat-sensitive biological
INP (Snomax®), and (d) a wet-heat-insensitive biological INP (birch pollen washing
water). Figure taken from Daily et al. (2022).

responsible for the expression of ice-active proteins in bacterial cells (Garcia et al., 2012;

Hill et al., 2016). This means that the number of ina genes in a sample helps us to

determine the number of ice-active bacteria present, providing the ina gene sequence has

not been damaged. The drawback of this approach is that the presence of the ina gene

does not guarantee the presence of the ina protein and the protein may be present if the

DNA sequence has been damaged (Garcia et al., 2012). The use of microscopy images can

help us to better characterise the types of biological material present in our samples. For

example, the use of fluorescence microscopy allows us to determine the number fraction of

fluorescent bioparticles and distinguish them from mineral particles, which do not fluoresce

(Huffman et al., 2013). However, these fluorescence microscopy techniques are not always

able to detect all bioparticles and the presence of the bioparticles does not guarantee their

ice-nucleating ability. Similarly, culturing techniques allow us to identify the number of

colony-forming units (CFUs) in an environmental sample (Morris et al., 2013). However,
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the ice-nucleating ability of bacteria and fungi is not dependent on its culturability and

not all culturable species are ice-active.

1.4 Agricultural Sources of Ice-Nucleating Particles

The focus of this thesis will be on agricultural sources of INPs. Almost half of the

Earth’s habitable land is used for agriculture (Ellis et al., 2010), yet the potential of these

soils as a source of atmospheric INP is still poorly understood. Crop agriculture is an

important source of aerosolised soil dust and organic matter (such as bacteria, fungi, etc.)

due to a combination of crop density and standard farming practises, such as harvesting

and tilling, which inject large amounts of dust into the atmosphere (Lee et al., 2006).

In addition, after harvest, the increase in the exposure of bare soil also leads to an in-

crease in soil dust emissions. Animal agriculture has also been shown to increase soil dust

emissions since overgrazing and animal manure release biological components into the at-

mosphere (Hiranuma et al., 2011). Agricultural dust emissions contribute up to 25% to

the global dust emissions budget (Ginoux et al., 2012), making it a potentially important

source of INPs in the atmosphere (Steinke et al., 2016; Sanchez-Marroquin et al., 2021).

Furthermore, it has been shown that agricultural soil dust is easily washed into nearby

rivers and lakes, enhancing the ice-nucleating abilities of these water bodies and creating

an additional source of INPs in the atmosphere (see Section 1.3.2.4) (Knackstedt et al.,

2018; Einbock et al., 2023). The presence of biogenic material may be key to the high

ice-nucleating abilities observed in both rivers and soil dust associated with agriculture.

As described in Section 1.3.2, fertile soils are made up of a complex mix of both mineral

dust and biological materials. Agricultural soils are fertile soils that originate from agricul-

tural sources and may have additional biological material added to them, such as manure

or other fertilisers, which may further enhance the organic matter within these soils. Due

to the potential contribution of agricultural dust emissions to INP populations on a global

scale, previous work has investigated the ice-nucleating activity of agricultural soil dust

(Garcia et al., 2012; Tobo et al., 2014; Steinke et al., 2016; Suski et al., 2018; Hiranuma

et al., 2021; Pereira et al., 2022). Agricultural soil dust has been shown to be highly ice-

active above −10 ◦C (O’Sullivan et al., 2014; Suski et al., 2018) and heat treatments lead

to a significant loss of this ice-nucleating activity, suggesting the relative importance of

biological components such as ice-active bacteria and fungi in these agricultural soil dusts

(O’Sullivan et al., 2015; Steinke et al., 2016).
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Figure 1.6: Comparison of the INP concentrations per litre (NINP) as a function of
temperature of sampled air from agricultural locations in different literature studies.
Figure taken from Pereira et al. (2022).

Since agricultural soils are made up of such a complex mix of both mineral and organic

components, recent work has been unable to determine exactly what is responsible for

the observed ice-nucleating activity of these soils. For example, Garcia et al. (2012)

investigated the ice-nucleating ability of agricultural soil dust emissions and used DNA

analysis to identify the presence of the ina gene. They found that the presence of ice-active

bacteria was not always required for ice-nucleating activity to be observed, suggesting

that other components were responsible for the observed ice-nucleating activity. Similarly,

Jimenez-Sanchez et al. (2018) examined the relative contribution of ice-active bacteria to

the ice-nucleating ability of agricultural dust emissions. In this study, however, they only

examined the ice-nucleating ability of culturable bacteria collected onto agar plates above

an agricultural field and found that only a very small portion of the CFUs were ice-active.

Since ice-active bacteria do not need to be viable to maintain their ice-nucleating ability,

these observations most likely underestimate the relative contribution of bacteria to the

ice-nucleating ability of agricultural soils.

Other key studies have shown that the presence of organic components makes it difficult

to determine the ice-nucleating ability of agricultural soil dust. In particular, Conen et al.

(2011) analysed the ice-nucleating activity of agricultural soils from Mongolia, Germany,

Hungary and Yakutia and found that the ice-active mass site density (nm) varied by

about 200 µg-1 across the different soil samples. Steinke et al. (2016) investigated the

ice-nucleating activity of agricultural soil samples collected from four different regions and
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found that the variability in the ice-nucleating activity of different soil dust is much greater

than that of mineral dust. They concluded that the observed variation is likely due to

differences in soil organic matter but were unable to examine this directly (Steinke et al.,

2016). Similarly, Suski et al. (2018) took aerosol samples of agricultural soil dust during

harvesting activities in four different agricultural fields. They found that both heat-stable

and heat-labile INPs were present in their samples, suggesting that a variety of different

organic components were contributing to the ice-nucleating ability of the soil (Suski et al.,

2018).

More recent work by Hiranuma et al. (2021) examined the ice-nucleating activity of

animal agriculture by collecting aerosol samples both upwind and downwind of open animal

feeding lots. They found a distinct increase in INP concentrations downwind of open

animal lots, particularly at freezing temperatures above −15 ◦C, suggesting that animal

agriculture is also a substantial source of INP. Additionally, a study focused on the ice-

nucleating activity of agricultural soil dust in Mexico highlighted that the observed high

ice-nucleating activity of these soils is consistent across different regions of Mexico (Pereira

et al., 2022), highlighting the need to better understand and characterise the ice-nucleating

ability of these soils. Overall, we know that biological components contribute significantly

to the ice-nucleating activity of agricultural soils and that the ice-nucleating activity of

these soils varies significantly as a result (Figure 1.6). However, more work is needed

to better understand the relative importance of these components and better predict the

ice-nucleating activity from these anthropogenic sources.

1.5 Project Objectives

The overall aim of this thesis was to investigate the sources of INPs from agricultural

locations to determine the extent to which agriculture influences INP populations on both

regional and global scales. We characterised the ice-nucleating activity of agricultural

soils and fungal crop pathogens with a focus on aiming to better understand the complex

biological relationship that influences the ice-nucleating activity of agricultural emissions.

We achieved this by addressing three main areas in three results chapters as follows:

1. The first results chapter investigates the importance of surfactant-like macromolecules

as INPs and their relative contribution to the ice-nucleating ability of agricultural

soils. We extracted the soluble fraction from different soil samples to answer the

following questions:
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• How does the ice-nucleating ability of agricultural soil relate to its surface ac-

tivity?

• How does this relationship between surface and ice-nucleating activities in soil

samples differ from that of two common soil subcomponents?

• What is the relative contribution of surfactant macromolecules to the ice-

nucleating ability of anthropogenic soils?

2. The second results chapter quantifies the ice-nucleating activity of two different

species of fungal crop pathogens. We examined the ice-nucleating activity of fungal

spores from both field-collected samples and those grown in the lab to answer the

following questions:

• What is the ice-nucleating activity of fungal spores from Yellow Rust and Light

Leaf Spot?

• How do external stressors such as storage time and cold exposure impact the

observed ice-nucleating ability of these fungal spores?

• What is the relative contribution of ice-active bacteria to their ice-nucleating

activity?

3. The third results chapter examines the size-resolved ice-nucleating activity of agricul-

tural soils. We aerosolised soil samples collected at the University of Leeds research

farm in our aerosol chamber to answer the following questions:

• What is the size distribution of agricultural dust aerosols?

• How is the ice-nucleating material distributed across the aerosol size distribu-

tion for agricultural dust?

• What do the size-segregated INP concentrations tell us about the ice-nucleating

activity of agricultural dust?
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J., Elbert, W., Andreae, M. O., Pöschl, U., and Jaenicke, R. (2012). Primary biological aerosol particles

in the atmosphere: a review. 64(1):15598.

Diehl, K., Matthias-Maser, S., Jaenicke, R., and Mitra, S. K. (2002). The ice nucleating ability of pollen::

Part II. Laboratory studies in immersion and contact freezing modes. Atmospheric Research, 61(2):125–

133.

Diehl, K., Quick, C., Matthias-Maser, S., Mitra, S. K., and Jaenicke, R. (2001). The ice nucleating ability

of pollen: Part I: Laboratory studies in deposition and condensation freezing modes. Atmospheric

Research, 58(2):75–87.

28



Dreischmeier, K., Budke, C., Wiehemeier, L., Kottke, T., and Koop, T. (2017). Boreal pollen contain

ice-nucleating as well as ice-binding ‘antifreeze’ polysaccharides. Scientific Reports, 7(1):41890.

Einbock, A., Burtscher, E., Frey, C., and Conen, F. (2023). Export of ice-nucleating particles from water-

sheds: results from the Amazon and Tocantins river plumes. Royal Society Open Science, 10(2):220878.

Ellis, E. C., Klein Goldewijk, K., Siebert, S., Lightman, D., and Ramankutty, N. (2010). Anthropogenic

transformation of the biomes, 1700 to 2000. Global Ecology and Biogeography, 19(5):589–606.

Failor, K. C., Schmale, D. G., Vinatzer, B. A., and Monteil, C. L. (2017). Ice nucleation active bacteria

in precipitation are genetically diverse and nucleate ice by employing different mechanisms. The ISME

Journal, 11(12):2740–2753.

Feichter, J. and Leisner, T. (2009). Climate engineering: A critical review of approaches to modify the

global energy balance. The European Physical Journal Special Topics, 176(1):81–92.

Felgitsch, L., Baloh, P., Burkart, J., Mayr, M., Momken, M. E., Seifried, T. M., Winkler, P., Schmale III,

D. G., and Grothe, H. (2018). Birch leaves and branches as a source of ice-nucleating macromolecules.

Atmospheric Chemistry and Physics, 18(21):16063–16079.

Forster, P., Storelvmo, T., Armour, K., Collins, W., Dufresne, J.-L., Frame, D., Lunt, D. J., Mauritsen, T.,

Palmer, M. D., Watanabe, M., Wild, M., and Zhang, H. (2021). The Earth’s Energy Budget, Climate

Feedbacks, and Climate Sensitivity. In Climate Change 2021: The Physical Science Basis. Contribution

of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change.,

pages 923–1054. Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA.
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T., and Šantl Temkiv, T. (2022). Structure and Protein-Protein Interactions of Ice Nucleation Proteins

Drive Their Activity. Frontiers in Microbiology, 13:872306.

Haywood, J. and Boucher, O. (2000). Estimates of the direct and indirect radiative forc-

ing due to tropospheric aerosols: A review. Reviews of Geophysics, 38(4):513–543. eprint:

https://onlinelibrary.wiley.com/doi/pdf/10.1029/1999RG000078.

Herbert, R. J., Murray, B. J., Dobbie, S. J., and Koop, T. (2015). Sensitivity of liquid clouds to homogenous

freezing parameterizations. Geophysical Research Letters, 42(5):1599–1605.
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(2020). Electrostatic Interactions Control the Functionality of Bacterial Ice Nucleators. Journal of the

American Chemical Society, 142(15):6842–6846.

Maki, L. R., Galyan, E. L., Chang-Chien, M.-M., and Caldwell, D. R. (1974). Ice Nucleation Induced by

Pseudomonas syringae. Applied Microbiology, 28(3):456–459.

Maki, L. R. and Willoughby, K. J. (1978). Bacteria as Biogenic Sources of Freezing Nuclei. Journal of

Applied Meteorology and Climatology, 17(7):1049–1053. Publisher: American Meteorological Society

Section: Journal of Applied Meteorology and Climatology.

Marcolli, C. (2014). Deposition nucleation viewed as homogeneous or immersion freezing in pores and

cavities. Atmospheric Chemistry and Physics, 14(4):2071–2104.

Mason, R. H., Si, M., Chou, C., Irish, V. E., Dickie, R., Elizondo, P., Wong, R., Brintnell, M., Elsasser,

M., Lassar, W. M., Pierce, K. M., Leaitch, W. R., MacDonald, A. M., Platt, A., Toom-Sauntry, D.,
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2 Methods

Throughout this thesis, a variety of methods have been used. Each results chapter that

follows will detail the unique methodology used, however, some methods will be common

throughout. This chapter will include some general methods that are common across all

three chapters of this thesis. I will discuss the droplet-freezing techniques used in this

thesis and describe how the ice nucleation analysis was carried out.

2.1 Droplet Freezing Assays

Droplet freezing assays are laboratory instruments designed for investigating the im-

mersion freezing activity of ice-nucleating particles (INPs) and ice-nucleating macromolecules

(INMs). A variety of different droplet freezing assay instruments have been designed and

developed, all with slightly different methods of cooling, droplet generation, and freezing

detection. There are three main cooling methods, with instruments typically using a cold

stage (Whale et al., 2015; Chen et al., 2018; Tarn et al., 2020), a cooling bath (David

et al., 2019; Miller et al., 2021) or a cooled block (Hill et al., 2016; Kunert et al., 2019;

Steinke et al., 2020). Droplets can be generated either by using a micropipette (Whale

et al., 2015; Chen et al., 2018; David et al., 2019; Miller et al., 2021), creating an emulsion

with oil (Pummer et al., 2012) or using microfluidic droplet generation (Reicher et al.,

2018; Tarn et al., 2020). Each setup also uses different droplet sizes, and droplet numbers

and have different limits of detection and uncertainties. The droplet size varies from tens

of microlitres to a few nanolitres and determines the temperature range of the freezing

detection since larger droplet volumes have a higher statistical chance of contamination

being present. Regardless of the technique used, each droplet freezing assay has the same

function; to determine the freezing activity of the desired sample. In this thesis, two

different droplet freezing techniques were used and are described in more detail below.

2.1.1 Microlitre NIPI

The Microlitre Nucleation by Immersed Particle Instrument (or µL-NIPI) is a cold

stage droplet freezing technique designed and set up at the University of Leeds, in the UK,

as described by Whale et al. (2015). The setup (shown in Figure 2.1) uses either a Grant-

Asymptote EF600 cold stage or a custom-built Peltier cold stage, both of which can cool

the droplets to below −35 ◦C. A clean, siliconised glass slide (Hampton Research, HR3-
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Figure 2.1: Schematic showing the key components of the µL-NIPI. Image taken from
Whale et al. (2015).

233) provides a hydrophobic surface to minimise the contact angle between the droplets

and the cold stage. For each freezing assay, between 40 and 50 droplets (of 1 µL in volume)

are pipetted onto the hydrophobic glass slide and are covered by a Perspex chamber. The

Perspex chamber contains the lighting and the camera for observing the droplet freezing, it

is also connected to a supply of gas (either nitrogen gas or clean, dry air from a compressor)

so the level of humidity can be controlled and no frost forms over the glass slide during

the freezing experiment. Once the experiment is set up, the cold stage is cooled at a

rate of 1 ◦C min-1 until all of the droplets are frozen, this rate is chosen as it is the best

approximation of the cooling rates observed in moderate updraft convective clouds (Hader

et al., 2014), without the analysis process taking too long. The raw data outputs are the

temperature file, taken from the EF600 with the recorded temperatures over the time of

the experiment, and the video file, which consists of all the images taken throughout the

experiment.

From the µL-NIPI setup, droplet freezing is detected by the change in the light inter-

action by the droplet upon freezing. Since the light is situated above the droplets, they

initially appear dark. Upon freezing, the increase in light scatter from the frozen droplet

changes its appearance so that it appears light (Figure 2.2). The temperature at which

the droplet colour change occurs is recorded as the freezing temperature for each droplet

in the assay. This temperature is then used to calculate the fraction frozen, fice, as shown
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Figure 2.2: The progression of a freezing experiment within the µL-NIPI. Image taken
from Whale et al. (2015).

below in Section 2.2.

2.1.2 FINC

The Freezing Ice Nuclei Counter (FINC) is a custom-built ice nucleation freezing assay

technique, used to investigate heterogeneous ice nucleation by immersion freezing, as de-

scribed by Miller et al. (2021). FINC was designed and built at ETH Zurich and its design

was based on the DRoplet Ice Nuclei Counter Zurich (DRINCZ) (David et al., 2019). The

setup consists of an ethanol bath (LAUDA Proline RP 845, Lauda-Königshofen) used to

cool the sample, with a mounted camera and LED lights for detecting freezing based on

changes in light intensity (Figure 2.3). Each cooling experiment consists of three 96-well

Piko PCR trays, with each well containing 10 µL aliquots of the desired sample solution.

The custom-built frame is designed to hold the PCR trays so that the wells are fully

submerged in the ethanol cooling bath without any ethanol contaminating the solutions.

Due to density changes in ethanol as it cools, a reservoir of ethanol tops up the levels in

the bath during the freezing experiment. This top-up mechanism ensures that the wells

remain fully submerged in the ethanol throughout the duration of the freezing experiment

(David et al., 2019; Miller et al., 2021). The sample solutions are pipetted into the PCR

trays inside a laminar flow hood to reduce contamination. The PCR trays are then care-
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Figure 2.3: Image taken from Miller et al. (2021) with different aspects of the FINC
setup including; (a) a photograph of FINC, (b) a model of custom-built frame which is inserted
into the Lauda bath, (c) a schematic of the bath leveller setup and (d) an image of the PCR trays
from the FINC camera showing the change in light intensity between liquid (red circle) and ice
(blue circle) in the wells.

fully transferred into the ethanol bath and cooled at a rate of 1 ◦C min-1 until an endpoint

of −32 ◦C, and the camera takes an image every 0.2 ◦C (Miller et al., 2021).

Droplet freezing events from FINC are detected by monitoring the light intensity and

recording the temperature at which the greatest change in light intensity occurred. In this

case, the LED lights are underneath the droplets meaning that they initially appear light

and turn dark when they freeze (see Figure 2.3d). These freezing temperatures were then

corrected to take into account the observed differences in the recorded bath temperatures

and the temperatures experienced by the wells, as demonstrated by Miller et al. (2021).

The details of the corrections used are given in the relevant chapters (see Chapter 3).

2.2 Ice Nucleation Analysis

For each droplet freezing assay, the fraction of droplets frozen as a function of tem-

perature, or fice(T ), was calculated using the recorded and corrected droplet freezing

temperatures. This calculation is shown in Eq. 11, where N(T ) is the number of droplets

frozen at temperature T , and Ntotal is the total number of droplets in the given droplet

freezing technique. The temperature at which 50% of the droplets were frozen (i.e. where

fice(T ) is equal to 0.5) is referred to as the average freezing temperature, or T50, and is

used to summarise the average freezing behaviour of a droplet freezing assay.

fice(T ) =
N(T )

Ntotal
(11)

The total number of active sites above a given temperature, T , per unit sample volume,

also known as the cumulative concentration of ice nuclei, or K(T ), was calculated based on
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calculations derived by Vali (2019). This K(T ) value, as shown in Eq. 12, was calculated

as a function of fice(T ), where Vd is the volume of each droplet (in cm3).

K(T ) = − ln(1− fice(T ))

Vd
(12)

To further quantify the ice-nucleating activity, it is possible to normalise the K(T ) by

the volume of sampled air, the mass concentration of particles, the surface area concentra-

tion of particles or the number concentration of particles depending on what information

is available. Across this thesis, I will use all these methods to analyse the ice-nucleating

ability of my samples, so I will describe them generally here. For filter-collected samples,

the concentration of INPs per volume of sample air, NINP (L-1), was calculated using the

volume of wash-off suspension, Vw (cm−3), and the volume of sampled air at standard

temperature and pressure, Va (cm−3), as shown in Eq. 13.

NINP(T ) = K(T ) · Vw

Va
(13)

The other samples in this thesis were analysed in different ways depending on the

information available. Where the mass of the sample in suspension was known or could

be estimated, the active site density per unit mass, nm (g−1), was calculated as a function

of temperature using the mass concentration within the suspension, Cm (g), as shown in

Eq. 14.

nm(T ) =
K(T )

Cm
(14)

If the surface area concentration of the sample in suspension was known or could be

estimated, the active site density per unit surface area, ns (m−2), was calculated as a

function of temperature using the total collected aerosol surface area, As (m
2), as shown

in Eq. 15.

ns(T ) =
NINP(T )

As
(15)

Finally, where the number concentration of particles within the suspension was known,

the ice-active site density per particle, nn (particle-1), was calculated as a function of

temperature using the total number of particles per droplet, Cn, as shown in Eq. 16.
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nn(T ) =
ln(1− fice(T ))

Cn
(16)

2.3 Soil Sample Locations

Throughout this thesis, soil samples have been collected from three different agricul-

tural locations in the UK and Canada. The sites were chosen based on practically and

accessibilty, however, we also wanted to capture a range of different agricultural locations.

The collection and use of each the collected samples are detailed in the respective re-

sults chapters later in this thesis (see Sections 3.2 and 5.2). Here, I will provide a brief

description of each sampling location.

Figure 2.4: A map indicating the location of the soil samples taken from the Uni-
versity of British Columbia Farm, situated west of Vancouver, Canada. The red star
indicates the rough sampling location.

The University of British Columbia (UBC) Farm (49.3°N, 123.2°W) is situated to the

south of the UBC campus, which is west of Vancouver, Canada (see Figure 2.4). It is

therefore located right by the coast of the Pacific Ocean, within the 90-year-old coastal

hemlock forest which surrounds much of the UBC campus. The farm is a small-scale

research farm which is part of the Centre for Sustainable Food Systems and it is located
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on the traditional, ancestral and unceded territory of the Musqueam people. It comprises

24 hectares of organic farmland and forest ecosystems, growing mostly fruits, vegetables

and herbs.

Figure 2.5: A map indicating the location of the soil samples taken from the Uni-
versity of Leeds Research Farm, situated east of Leeds, West Yorkshire. The red star
indicates the rough sampling location.

The University of Leeds (UoL) Research Farm (53.9°N, 1.3°W) is situated to the north

east of Leeds City Centre, near Tadcaster in West Yorkshire (see Figure 2.5). The farm

consists of 317 hectares, spanning across four different farmsteads. It’s position at the

intersection between the A1(M), a motorway which runs north to south between Edinburgh

and London, and the A64, a major road between Leeds and York, means the farm is likely

heavily influenced by traffic pollution. The majority of the land at UoL Farm is dedicated

to arable land, with some agroforestry plots spread throughout. Soils found at the UoL

Farm are typically very shallow, loamy soils and the site ranges from 42 to 70 metres above

sea level in elevation. The farm is also home to the National Pig Centre, which is part of

the Centre Innovation Excellence in Livestock.

Rothamsted Research is located in Harpenden (51.8°N, 0.36°W), just north of St.

Alban’s in Hertfordshire, UK (see Figure 2.6). This sampling location is more rural than

the other two sampling locations, however, the farm is located just east of the M1 motorway

meaning there may be some influence from traffic pollution at this location. Rothamsted

is home to the oldest continuing agricultural field experiment in the world. The farm

consists of 330 hectares and the majority of the land is dedicated to growing a variety of
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Figure 2.6: A map indicating the location of the soil samples taken from Rothamsted
Research Farm, situated in Harpenden, Hertfordshire. The red star indicates the rough
sampling location.

agricultural crops. The soils at the Rothamsted Farm site typically consist of heavy clay

loam with good drainage.
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3 The relationship between surface tension and atmospheric

ice-nucleating activity of agricultural soils

3.1 Introduction

Recent focus has been on understanding the mechanisms of ice formation in mineral

dust ice-nucleating particles (INPs) (Harrison et al., 2016, 2019; Holden et al., 2021), with

few studies investigating the mechanisms of the ice-nucleating activity in biological mate-

rial. Many organic macromolecules, such as fatty acids, have surfactant properties which

make them important for atmospheric processes such as cloud droplet formation (Gérard

et al., 2016, 2019) and these properties may also play a role in their ice-nucleating ability.

Surface active compounds, also known as surfactants, are amphiphilic macromolecules,

meaning they have both hydrophobic and hydrophilic moieties present (Rosen and Kun-

jappu, 2012). Due to their amphiphilic nature, surfactant molecules partition to the surface

of atmospheric aerosol droplets, reducing the surface tension of growing cloud droplets at

the air-water interface. Therefore, surfactants reduce the barrier for further droplet growth

from the condensation of water vapour onto the aerosol droplet, increasing the efficiency of

cloud droplet formation (Gérard et al., 2016; Ovadnevaite et al., 2017). The partitioning

of surfactant droplets to the surface and the subsequent hydrophobic interactions at the

air-water interface could also impact atmospheric ice nucleation since the location of the

ice-nucleating material within the droplet may impact its ice-nucleating ability (Fornea

et al., 2009). In this chapter, we investigated the role of surfactants in ice nucleation in

atmospheric cloud droplets.

On solid aerosol particles, surfactant coatings, such as fatty acids and alcohols, may

interfere with ice-active sites to either enhance ice nucleation (Hiranuma et al., 2013;

Kupiszewski et al., 2016; China et al., 2017) or inhibit it (Kuwabara et al., 2014; Boose

et al., 2019). In aqueous droplets, surfactant macromolecules form a monolayer at the

air-water interface of a droplet (Nesměrák and Němcová, 2006; Rosen and Kunjappu,

2012). Fornea et al. (2009) found that ice-nucleating substances tend to freeze at warmer

temperatures when placed at the air-water interface of droplets instead of being immersed

within the droplet bulk. These findings suggest that the formation of surfactant mono-

layers at the droplet air-water interface could enhance the ice-nucleating ability of these

substances. Furthermore, at higher concentrations, the surfactant macromolecules become

saturated at the surface of cloud droplets, so the surfactants begin to aggregate together
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to partition the hydrophobic moiety out of the aqueous solution (Rosen and Kunjappu,

2012). This behaviour results in the formation of concentration-dependent aggregates,

called micelles, which could create new sites for ice nucleation or could block ice nucle-

ation sites (Gavish et al., 1990; DeMott et al., 2018). The structure of micelles formed

in atmospheric aerosol droplets can vary depending on the temperature, humidity, satu-

ration, pH and composition of the droplet itself (Pfrang et al., 2017). These observations

suggest that multiple potential structures could form from organic macromolecules and

that some may have more ice-nucleating potential than others. In addition, Bogler and

Borduas-Dedekind (2020) found that the ice-nucleating ability of lignin cannot be normal-

ized to the amount of material in the solution. These results may suggest the formation

of concentration-dependent aggregates, or micelles, with different ice nucleating abilities.

Aggregates can form in droplet solutions in ways other than surfactant saturation and

micelle formation. For many organic macromolecules, their ice-nucleating ability is closely

linked to their aggregation and there is usually a critical size for aggregates to form to op-

timise their ice-nucleating ability (Dreischmeier et al., 2017; Qiu et al., 2017; Schwidetzky

et al., 2023). As discussed in Section 1.3.1, proteinaceous aggregates of the bacteria Pseu-

domonas syringae nucleate ice at three different temperatures depending on the size of the

aggregates (Hartmann et al., 2022; Qiu et al., 2019; Lukas et al., 2022). The nucleation

mechanisms due to different aggregate sizes can be classified as class A, class B, or class C,

triggering freezing at −3 ◦C, −5 ◦C or −8 ◦C, respectively (Lukas et al., 2022). Aggregation

of proteinaceous ice-nucleating macromolecules (INMs) is likely influenced by electrostatic

and hydrophobic interactions between proteins and components of the bacterial membrane

(Lukas et al., 2020; Schwidetzky et al., 2021a). The importance of aggregation has also

been found to be important for polysaccharides in pollen washing waters (Section 1.3.1),

which has been shown to exhibit ice-binding properties when aggregates are smaller than

100 kDa, and only exhibit ice-nucleating properties when aggregates are larger than 100

kDa (Dreischmeier et al., 2017). In more complex solutions, like fertile soils, dissolved

organic material can adsorb onto larger particles or reactions can take place, leading to

coagulation and formation of complex particles and aggregates (Jackson and Burd, 1998).

Although aggregation may form sites for ice nucleation, there is also evidence that it may

cover ice-active sites. McCluskey et al. (2018) found that heating organic samples some-

times leads to an increase in their ice-nucleating ability. They suggested that this observed

increase in ice-nucleating activity was due to aggregates being dissolved and redistribution
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in the solution, opening up ice-active sites for nucleation (McCluskey et al., 2018). Other

studies have shown that surfactant coatings reduce the ice-nucleating ability of mineral

dust particles (Boose et al., 2019). Therefore, the pathways and drivers of aggregation for

organic INMs remain elusive, and an accurate description of the ice nucleation ability of

organic matter requires further investigation.

In this chapter, we investigated the potential relationship between the ice-nucleating

ability and surface activity of agricultural soil extracts, meaning the aqueous solutions

containing organic material extracted from soil and filtered to 200 nm. We also compared

these observations of the surface tension and ice-nucleating activity of two soil subcom-

ponents; lignin and Snomax. The goal of this study was to gain an understanding of the

contribution of surfactant macromolecules to the ice-nucleating ability of anthropogenic

soils, by investigating the surface tension reduction and ice-nucleating activity of soil ex-

tracts and proxies of their subcomponents.

3.2 Experimental Methods

3.2.1 Organic matter Sample Collection and Preparation

3.2.1.1 Lignin

Lignin is a biopolymer found to make up 30% of organic carbon in the environment

(Section 1.3.1). An aqueous series of lignin (471003, Batch 1, Sigma Aldrich) solutions,

ranging in concentration from 10 mg L−1 to 2× 103mg L−1, were prepared in glass vials

and diluted using microbiology-free reagent water (hereafter termed SA water, W4502,

Sigma Aldrich). For consistency and comparability with previous work, the batch of

lignin used in our experiments was kept the same as those used previously to demonstrate

the ice-nucleating ability of kraft lignin (Bogler and Borduas-Dedekind, 2020; Miller et al.,

2021). Each lignin solution was analysed for its surface and ice-nucleating activities by

the methods described below.

3.2.1.2 Snomax

Snomax is a commercial product consisting of dead and disintegrated cells of Pseudomonas

syringae, a common ice-active bacteria found on plants and in soils (Wex et al., 2015). The

ice-nucleating activity observed from Snomax is associated with ice-active proteins from

the bacteria. Proteins are common in soils and originate from bacteria and fungi. Here, we

used Snomax as a proxy for ice-active proteins in fertile soils. An aqueous stock solution
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Table 1: Summary of the collected soil samples for analysis in this study. Including
date sampled, location and crop type.

Sample Location Coordinates Crop / Field Type Sampling Date

UBC Farm Vancouver, Canada 49.25, -123.24 unknown 31/03/2022
Leeds Research Farm Tadcaster, UK 53.87, -1.32 wheat 12/10/2022
Rothamsted Research Harpenden, UK 51.81, -0.36 linseed 29/09/2022

of Snomax (Snomax® International) was prepared at a concentration of 103mg L−1 in

a centrifugal tube (sterile, 50 mL, Basix, Fisher Scientific) with SA water. The Snomax

solution was then filtered through a 0.22 µm syringe filter (PES membrane, sterile, Merck

Millipore) to remove large aggregates and cellular fragments. This filtration step allowed

us to the investigation on INMs. The filtered stock solution was diluted with SA water

to obtain a dilution series, ranging in concentration from 10−2mg L−1 to 103mg L−1. All

dilutions were analyzed for ice-nucleating activity with FINC and surface tension reduction

with the tensiometer and this work was carried out by Paul Bieber.

3.2.1.3 Soils

Soil samples were collected from three different agricultural locations in the UK and in

British Columbia, Canada (Table 1 and Figure 3.1); the University of British Columbia

(UBC) Farm, the University of Leeds (UoL) Farm and Rothamsted Research. At each

location, soil samples were taken from crop fields with bare soil, at least 1 m from the

boundary of the field. 50 mL polypropylene centrifuge tubes (Sarstedt Inc.), which were

purchased sterilised, were used to sample from the top 5 cm of soil, with at least three

samples collected per location. Additionally, at each location, a clean 50 mL centrifuge

tube was opened and exposed to ambient air, to examine the contamination of INPs from

handling the samples (hereafter referred to as handling blanks). Aside from location,

there were also two distinct sampling periods (Table 1). The samples taken in the UK

were obtained a few weeks after harvest season, whereas the Canadian samples were taken

a few hours after the soils were tilled in preparation for planting the next season’s crops.

Furthermore, three different fields were sampled at the UBC Farm, whereas only one field

was sampled at each of the other two locations. For the ice nucleation analysis (described

in Section 2.2), the handling blanks were treated the same as the soil samples to verify

that the extracted soil solutions were above any contamination introduced during sample

manipulation. All sample tubes and handling blanks were then frozen at −20 ◦C until

analysis. This was to stop any biological evolution of the samples until they could be

analysed.
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Figure 3.1: Agricultural soil sampling collection from three different locations in the
UK and Canada. (a) University of British Columbia Farm, (b) University of Leeds Farm and
(c) Rothamsted Research (sampled field is situated behind the pictured sampling station) and (d)
samples being taken at UBC Farm. Images demonstrate the differences between the three different
sampling locations and how the soil samples were taken. Images taken on the day of sampling.

3.2.1.4 Organic Matter Soil Extraction

A sample preparation method was developed for analysing the ice nucleation activity and

surface tension of the macromolecules in the soil samples. Previous soil sample preparation

methods dry sieve the soils to 63 µm before using water to make up a soil suspension

(Tobo et al., 2014; Suski et al., 2018). However, in this study, we developed a slightly

different method which maximises the extraction of organic macromolecules into our soil

extract solutions. First, 40 mL of MilliQ water was added to 40 g of the soil samples

to create a 106mg L−1 concentration suspension. A centrifuge (Sorvall RC5B) and a

fixed-angle rotor (Thermo Scientific SS-34) separated the larger soil particles from the

prepared suspension, spinning between 6,000 and 10,000 rpm for 1 hr. An average cut-off

particle diameter of 0.4 µm for the extracted supernatant was calculated using Stoke’s Law

(Gomboš et al., 2018), assuming an average soil density of 1.3 g cm-3 (Rai et al., 2017).

Following centrifugation, the supernatant was extracted and filtered through a 0.22 µm

syringe filter to remove the larger remaining fragments. The filtered solution was diluted
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to create a dilution series, then all solutions were analysed for ice-nucleating activity and

surface tension.

3.2.1.5 Heat Treatment Experiments

Heat treatment experiments were carried out using the protocol described in Daily et al.

(2022). For two soil sample extracts, 5 mL aliquots were transferred into 50 mL polypropy-

lene centrifuge tubes (Basix, Fisher Scientific). A heating bath from a rotary evaporator

(B-490, Buchi) was filled with deionized water, and a clamp stand was used to secure the

centrifuge tubes in position to fully immerse the sample within the water bath at 98 ◦C

for 30 mins. The tubes were tightly closed to prevent evaporation, which would lead to an

increase in the solution concentration. After heating, the aliquots were left to cool down

fully before taking further surface tension measurements and ice-nucleating analysis, to

observe any changes resulting from the heat treatment.

3.2.2 Instrumentation and Sample Analysis

3.2.2.1 Surface Tension Measurements

The surface tensions of the extracted soil sample solutions were measured using the Data-

Physics optical contact angle (OCA) 15 EC Tensiometer alongside the DataPhysics SCA

software for OCA (Figure 3.2). The pendant droplet method, where an electronic dosing

system dispenses a small amount of solution to form a droplet (with a volume of 24.1±1.1

(mean ± SD) µl) suspended from the tip of a needle, was used to calculate the surface

tension of the solutions. The shape of the droplet is determined by the surface tension,

which pulls the liquid into a spherical shape, and by gravity, which deforms and lengthens

the droplet. The DataPhysics SCA software uses the given value for the needle’s outer

diameter as a reference to determine the size of the droplet. The surface tension is then

calculated by fitting the Lapace-Young equation to the shape of the droplet (Berry et al.,

2015). For each soil extract solution, three droplets were formed and three individual sur-

face tension measurements were taken for each droplet. Then, the mean and the standard

deviation for all surface tension measurements were calculated for each sample solution.

To acquire a surface tension measurement, the droplet needs time to equilibrate with

the surrounding air. The required equilibrium time was determined by measuring the

surface tension every 30 seconds for a MilliQ water droplet suspended for 5 minutes. This

experiment was repeated twice to assess the variability of surface tension measurements

of water droplets over time (Figure A.1 in Appendix A). For the first few surface tension
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Figure 3.2: DataPhysics optical contact angle (OCA) 15 EC tensiometer including; (a)
side view with labelled components, (b) beam path, (c) example image of a pendant droplet.

measurements, taken within the first 2 minutes of the experiment, the standard deviation

was approximately 0.43±0.1 mN m-1. After about 2 minutes, the accuracy and repro-

ducibility of the surface tension measurements improved and remained steady for the next

few minutes (Figure A.1 in Appendix A). Therefore, in this study, the droplet was left

to equilibrate for two minutes before taking a surface tension measurement. The sur-

face tension of pure water increases linearly with decreasing temperature (Gittens, 1969)

(Figure A.2 in Appendix A). To address the role of temperature on surface tension, we

used a Peltier temperature control unit (TPC 160, DataPhysics) to maintain a constant

temperature of 22 ◦C with an uncertainty of ±0.3 ◦C during this study.

3.2.2.2 Dissolved Organic Carbon (DOC) Analysis

The dissolved organic carbon (DOC) of the soil extracts was measured in the lab to

compare the ice-nucleating and surface activities of the different soil samples. The DOC

analysis of the soil extracts was quantified using a high-temperature total organic carbon

(TOC) analyser (Multi NC2100, Analytik Jena) and was carried out by Rachel Gasior.

The analyser determines the amount of dissolved carbon (DC) by injecting 150 µL of

the sample directly into a combustion tube set at a temperature of 800 ◦C, the carbon is

digested and DC is measured from the detection of the generated carbon dioxide. Next, the

analyser determines the amount of dissolved inorganic carbon (DIC) by injecting another

150 µL of the sample into the total inorganic carbon (TIC) condensation vessel, where
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phosphoric acid is added and then the carbon dioxide is purged and detected. The software

then calculates the DOC as the difference between DC and DIC. The TOC analyser was

calibrated using standards diluted from commercially prepared stocks of 1000 ppm TOC

(76067-250ML-F, Merck Life Science UK Ltd.) and 1000 ppm TIC (12003-250ML-F,

Merck Life Science UK Ltd). After filtration to 0.22 µm, 2 mL of each soil extract solution

was pipetted into glass auto-sampler vials and secured with a snap cap. A handling blank

was analysed alongside the sample solutions. The difference in measured DOC between

the sample and the blank was calculated to determine the organic carbon from the soil.

3.2.2.3 Immersion Freezing Analysis

The ice-nucleating ability of each sample solution was investigated here using FINC, as

described in Section 2.1.2. For these experiments, 10 µL aliquots of the sample solution

were pipetted into each of the 288 PCR wells. The average temperature in the well, Twell,

was calculated from the measured bath temperature, Tbath, recorded by the Lauda bath

thermometer. In this case, samples were analysed at two different time intervals, with

some samples analysed in April 2022 and others analysed in March 2023. Therefore, the

values of a and b in Eq. 17 were adjusted to account for the change in conditions between

the two data analysis periods. So, for the measurements taken in April 2022, a = 0.963

and b = 0.905 and for measurements taken during March 2023, a = 0.953 and b = 0.897.

Twell = a · Tbath + b (17)

3.3 Results and Discussion

3.3.1 Ice-Nucleating Ability of Soil Extracts and their Subcomponents

3.3.1.1 Freezing Temperatures

In our analysis, we examined the ice-nucleating ability of soil aqueous extracts and two

subcomponents using droplet freezing assays (Figures 3.3 and 3.4). The fraction frozen

curves as a function of temperature for one soil extract sample and three dilutions at each

of the three sampling locations are shown in Figure 3.3. The soil extract solutions from the

three different locations displayed a range of freezing activity (Figure 3.3). Specifically, the

average freezing temperature (T50, see Section 2.2) of the undiluted soil extracts ranged

from −15.5 ◦C to −6.3 ◦C, a difference of 11.2 ◦C. All of the freezing activities for the

soil extracts were above the handling blanks (Figure 3.3), which were collected at the site
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by exposing blank tubes to the ambient air. We noted that the handling blank from the

University of British Columbia (UBC) showed higher freezing activity compared to the

other handling blanks, with a T50 of −18.2 ◦C, compared to an average T50 of −24.1 ◦C for

all other handling blanks. This difference is possibly due to an increase in contamination

of aerosols, which were deposited into the centrifuge tube whilst capturing this handling

blank. Nevertheless, all of our samples remain above the background handling bank and

our results demonstrate the breadth of freezing ability of a range of soil extracts across

two continents.

To help break down some of the complexity of the ice-nucleating activity of our soil

samples, we compared the freezing of our soil extracts with that of two soil subcomponents;

an aqueous dilution series lignin and filtered Snomax (Figure 3.4). The two dilution se-

ries remain above but approach the freezing curves of the handling blanks, demonstrating

that lignin and Snomax are both acting as ice-nucleating substances. The lignin solu-

tions tended to initiate freezing at lower temperatures compared to the Snomax solutions;

the T50 for the 1000 mg L-1 concentration solutions of lignin and Snomax was −18 ◦C

and −5.8 ◦C, respectively. These freezing temperatures are what we would expect when

compared with previous work from Bogler and Borduas-Dedekind (2020) and Wex et al.

(2015). To quantitatively compare the freezing activity of these two subcomponents with

our soil extracts, we needed to normalise the freezing activity of all our samples.

3.3.1.2 Normalised INM Spectra

The freezing activity of each extract was normalised by (1) the organic carbon content of

the solution after extraction, measured by TOC termed nmC (Figure 3.5a), and (2) the

mass of soil before any extraction taking place nm (Figure 3.5b). The dilution series for the

soil extracts from UBC and the University of Leeds (UoL) align to within 2 ◦C as a function

of temperature for both nmC and nm. However, for the Rothamsted Research (herein

referred to as Rothamsted) sample, the dilution series is somewhat aligned as a function

of temperature, except for the last dilution (10−3 mg L-1) which is up to an order of

magnitude higher than the rest of the dilution series. This could be due to the aggregation

of macromolecules which is known to influence the ice-nucleating activity of ice-active

proteins, with larger aggregates triggering nucleation at higher temperatures (Hartmann

et al., 2022; Lukas et al., 2020, 2022). This finding suggests that the aggregation is

hindering ice-active sites since we observed an increase in ice-nucleating activity after the

aggregates were dissolved at lower concentrations of soil extract solution.
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Figure 3.3: Fraction frozen (fice(T )) curves as a function of temperature for the
three soil extract solutions and their dilutions from (a) UBC Farm, (b) UoL Farm and (c)
Rothamsted.
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Figure 3.4: Fraction frozen (fice(T )) curves as a function of temperature for the two
soil subcomponents and their dilutions (a) lignin and (b) Snomax.
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Figure 3.5: Ice-active mass site density (nmC and nm) as a function of temperature for
the three soil extracts and their dilutions from the UBC Farm (Vancouver, Canada),
the UoL Farm (Tadcaster, UK) and Rothamsted (Harpenden, UK) calculated from (a)
the mass of carbon in the soil extracts (nmC) and (b) the mass of soil used for the extracts (nm).

By normalising the freezing activity of the soil extracts, we hoped to examine whether

the ice-nucleating activity scales with the organic carbon content or the mass of the soils.

For example, if the higher ice-nucleating activity observed in the UoL sample was explained

by the higher carbon content, then we would expect to see the three different soil samples

also align as a function of temperature. However, this is not the case and there is a large

spread in the nmC of the soil extracts (Figure 3.5a). Previous work by O’Sullivan et al.

(2014) also found no correlation between the ice-nucleating activity and the dissolved

organic carbon content of fertile soil extracts. For the nm values, we did not expect to see

the different soil samples align as a function of temperatures since the mass of soil used for

extraction was used to calculate this mass site density. Since we used the same mass for

each sample in the extraction process, we knew this mass concentration would not explain

the range of freezing activities between the three soil samples. However, we were unable

to investigate the mass concentration after extraction for these soil extract solutions.

We also examined the normalised ice-nucleating activity of the lignin and Snomax dilu-

tions series (Figure 3.6). The observed freezing activity for the lignin solutions normalised

to the carbon content (nmC) aligns with previous work done by Bogler and Borduas-

Dedekind (2020) and Miller et al. (2021) (Figure 3.6a). The nmC tended to increase with

decreasing concentration of lignin solution, a trend that was also observed by Bogler and

Borduas-Dedekind (2020). The aggregation of lignin molecules at higher solution concen-

trations may obscure ice-active sites, therefore, once the aggregates are dissolved at lower

concentrations, the ice-nucleating activity increases as the ice-active sites are released into
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solution. The freezing activity of the filtered Snomax solutions, normalised by the mass

of Snomax added into solution (nm), shows a similar freezing behaviour as the Snomax

parameterisation from Wex et al. (2015), however the values of nm are on an order of

magnitude lower (discussed in more detail in Section 3.3.2). We also observed that the

normalised ice-nucleating activity of the Snomax solutions did not align well as a function

of temperature (Figure 3.6b). This, again, could indicate that aggregation is playing a

role in the ice-nucleating activity of these solutions. The aggregation is likely blocking

sites for ice nucleation, which explains why the ice-nucleating activity increases at lower

concentrations, where aggregates will have dissolved into solution.

The INM spectra for the soil extract solutions were compared with the INM spectra

of the lignin and Snomax solutions to analyse the ice-nucleating activity and relative

contributions from lignin and ice-active proteins (Figure 3.7). The nmC of the soil extracts

was compared with the lignin nmC values and with data from Wilson et al. (2015) and

Miller et al. (2021) (Figure 3.7a). The majority of the ice-nucleating activity of the soil

extracts is greater than that of lignin solutions of 20 mg C L-1 (Miller et al., 2021) but

varies due to the spread of our data. For example, at −15 ◦C, the nmC of the Rothamsted

sample is the same as that of lignin, whereas, the nmC of the UoL sample is a factor of 10

to 100 greater than lignin. This observation suggests that lignin’s potential contribution to

the investigated soils’ overall ice-nucleating activity varies across different samples, which

we will explore further in the following section. In contrast, the ice-nucleating activity of

the extracted soil solutions is lower than that of the sea surface microlayer (Figure 3.7a).

The nm of the soil extracts was compared with the Snomax nm values and with data

from Conen et al. (2011), Wex et al. (2015) and O’Sullivan et al. (2014) (Figure 3.7b).

The large increase in nm, from 3.5 × 10−4mg−1 to 1.5 × 10−1mg−1 in the UoL Farm

samples occurring at −6 ◦C correlates with a sharp increase in ice-nucleating activity in

the Snomax data. This increase in ice-nucleating activity was also observed in the UBC

soil extract solutions, as the nm increased by two orders of magnitude at around −6 ◦C.

This correlating increase in nm suggests that proteinaceous INMs are contributing to the

ice-nucleating activity of the UoL and UBC soil extracts at these high freezing temper-

atures, although smaller concentrations are present in the soil extracts compared with

our pure, filtered Snomax solutions. Additionally, the high ice-nucleating activity of the

soil extracts was observed even though the soil extract solutions were filtered to 0.22 µm,

consistent with other studies that have also shown ice-nucleating activities remain high
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Figure 3.6: Ice-active mass site density (nmC and nm) as a function of temperature
for the soil subcomponents and their dilutions including (a) the ice-active mass density of
carbon (nmC) in the lignin dilutions and (b) the ice-active mass site density (nm) for the filtered
Snomax solutions.
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despite filtration (Pummer et al., 2012; O’Sullivan et al., 2015). These two observations

suggest that biogenic macromolecules are contributing significantly to the ice-nucleating

ability of all the soil extracts examined here. We also compare the nm of the extracted soil

solutions with that of other agricultural soils (Conen et al., 2011; O’Sullivan et al., 2014).

Interestingly, our nm values compare well with the nm values from O’Sullivan et al. (2014),

which was sampled from similar agricultural fields in the UK. Some of the nm values from

Conen et al. (2011) were also within the range of our soil extracts, particularly those from

UoL and UBC. However, the ice-nucleating activity from our Rothamsted extracts was up

to two orders of magnitude lower than that of Conen et al. (2011) and O’Sullivan et al.

(2014). We also compared the ice-nucleating activity of our soil extracts with that of

montmorillonite, a type of clay mineral, which was analysed by Conen et al. (2011), as a

comparison to pure mineral dust. We observed that the ice-nucleating activity of the UBC

and UoL soil extracts mostly remains above that of the montmorillonite, however, the ice-

nucleating activity of the Rothamsted sample remained below the ice-nucleating activity of

montmorillonite (Figure 3.7b). This observation suggests that the ice-nucleating activity

of the Rothamsted soil extract was dominated by minerals, like clay, with little influence

of biological materials such as ice-active proteins.

The spread of freezing activities observed here suggests that the ice-nucleating ability

of agricultural soils could be dependent on their location, crop type, or land management.

Each of our soil sampling locations was associated with a different crop type (Table 1),

which likely created unique environments for the development of biological communities on

the crops and within the soils (Redford et al., 2010) (see Figure 3.1). The different sampling

locations affect the abundance and diversity of microbes, such as bacteria and fungi, in

our samples. Since not all bacteria and fungi nucleate ice at the same efficiency, the overall

abundance of microbial species may not directly correlate with the ice-nucleating ability

of the soil (Bowers et al., 2011). However, the relative abundance of certain bacteria and

fungi species will impact the overall ice-nucleating activity of the soil (Bowers et al., 2009).

Hence, changes in the environments with crop type and location are likely important for

the differences observed in this study. Specifically, our results indicate that a greater

proportion of highly ice-active proteinaceous INMs were present in the UoL soil samples,

contributing to its increased ice-nucleating activity at−6 ◦C. This observation is consistent

with other studies, which found that proteins can contribute to the ice-nucleating ability

of agricultural soils (O’Sullivan et al., 2015; Hill et al., 2016).
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Figure 3.7: Ice-active mass site density (nmC and nm) as a function of temperature
for the soil extracts, the soil subcomponents and literature comparisons. (a) Ice-active
Carbon mass site density as a function of temperature for the dilution series of the three soil extracts
from the University of British Columbia Farm (Vancouver, Canada), the University of Leeds Farm
(Tadcaster, UK) and Rothamsted Research (Harpenden, UK) and for our aqueous dilution series
of lignin. For comparison, a parameterisation of sea spray aerosols containing biogenic material
from Wilson et al. (2015); a parameterisation of lignin based on lignin solutions of 20 mg C L-1

from Miller et al. (2021); and nm values of an aqueous dilution series of lignin produced by Bogler
and Borduas-Dedekind (2020) are all included. (b) Ice-active mass site density as a function of
temperature for the dilution series of the three soil extracts and for the aqueous dilution series of
filtered Snomax.For comparison, nm values from Conen et al. (2011) and O’Sullivan et al. (2015)
are included; as well as a parameterisation for Snomax as described by Wex et al. (2015).
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Differences in location may contribute to variations in the organic content in the soil,

which may contribute to the ice-nucleating ability of the soil. The wide range of freezing

temperatures observed in our soil samples aligns with previous studies that found large

variability in the ice-nucleating activity of agricultural soils, likely linked to a range in

organic matter and biological content (O’Sullivan et al., 2015; Hiranuma et al., 2021;

Hamzehpour et al., 2022a,b; Pereira et al., 2022). Conen et al. (2011) analysed the ice-

nucleating activity of agricultural soils from Mongolia, Germany, Hungary and Yakutia.

They found a variation of two orders of magnitude in the nm of the different soil samples

(Figure 3.7b). While some studies showed that fertile soils are distinctly more active than

desert dust, particularly at higher freezing temperatures (Garcia et al., 2012; O’Sullivan

et al., 2015; Steinke et al., 2016; Hiranuma et al., 2021), other studies found the ice-

nucleating activity for these soils to be more comparable to that of desert dust (Tobo

et al., 2014; O’Sullivan et al., 2014). Therefore, the range of ice-nucleating activities

found in our extracted soil samples fits the range of activities expected for these kinds of

soils.

3.3.2 Filtration of Snomax Samples

The Snomax solutions were filtered to more accurately compare the freezing activity of

the Snomax solutions with the soil extract solutions since we were specifically interested

in the soluble content of the soils. After filtration to 0.22 µm, we observed a shift in

freezing temperatures of up to 3 ◦C (Figure 3.8). In addition, we observed up to an order

of magnitude loss in nm after filtration. However, despite these observations, the overall

ice-nucleating activity of the Snomax solutions remained relatively high after filtering to

0.22 µm (Figure 3.8). Previous studies have assumed that filtering to 0.22 µm removes

all ice-nucleating activity from bacteria because ice-active bacterial proteins are bound

to either whole cells or cell fragments (Maki et al., 1974; Felgitsch et al., 2018; Ickes

et al., 2020). Our observations suggest that filtering bacterial ice-nucleating does not

completely remove its ice-nucleating activity, suggesting that we cannot rule out bacterial

ice-nucleating after filtration to 0.22 µm.

The ice-nucleating activity of our Snomax solutions was also compared with the pa-

rameterization by Wex et al. (2015) (Figure 3.8b). The ice-nucleating activity of both the

filtered and unfiltered solutions is lower than the ice-nucleating activity predicted by Wex

et al. (2015). Storage of Snomax samples has been shown to reduce their ice-nucleating
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Figure 3.8: The ice-nucleating activity of Snomax before and after filtration. (a)
Fraction frozen (fice(T )) as a function of temperature for the filtered (red) and unfiltered Snomax
dilution series. (b) Ice-active mass site density (nm) for the same filtered and unfiltered Snomax
dilutions series. For comparison, a parameterization of Snomax as described by Wex et al. (2015)
is also plotted.
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activity over time (Polen et al., 2016), which could explain the lower ice-nucleating ac-

tivity shown here. Furthermore, ice nucleation up to −2 ◦C is caused by large aggregates

(Class A freezing mechanism) and is known to fluctuate between different Snomax samples

(Polen et al., 2016; Lukas et al., 2022).

3.3.3 Surface Tension of Soil Extracts

To investigate whether surfactant-like macromolecules play an important role in the

ice-nucleating ability of soils, we compared the ice-nucleating activity of the soil extracts

with their measured surface tensions (Figures 3.9). In general, the T50 values of our soil

extracts indicate that their ice-nucleating ability is dependent on the mass concentration

of soil before filtration (Figure 3.9). However, the surface tension measurements for the

soil extracts do not scale directly with the mass concentration of the soil. Some of the

soil extracts show a slight surface tension reduction from pure water (which is 72.8 mN

m-1 (Kalová and Mareš, 2015)) of up to 2.2 mN m-1. However, even small reductions in

surface tension did not correlate with the ice-nucleating activity of the soil extracts. We

hypothesise that not every ice-nucleating substance in the soil extracts is a surfactant and

that not every surfactant is ice-active. Thus, we do not observe a correlation between

the ice-nucleating abilities of the soil extracts and their surface tension reductions. In

addition, the fact that we observed little surface tension reduction in our soil extracts

suggests that there is likely no micelle formation within these solutions.

Figure 3.9: Surface tension and average freezing temperature (T50) plotted against
the mass concentration of the soil extracts from (a) UBC Farm, (b) UoL Farm and (c)
Rothamsted and each of their corresponding dilution series.
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3.3.4 Surface Tension of the Subcomponents

In contrast, surface tension reductions for the soil subcomponents correlated with in-

creased freezing temperatures (Figure 3.10). For the 2.0× 103mg L−1 lignin solution and

the 103mg L−1 Snomax solution, the highest concentrations analysed in this study, the

greatest surface tension reductions were observed, of 5.0 mN m-1 and 9.1 mN m-1, respec-

tively. However, the concentration of Snomax needed to pass the threshold of 100 mg L-1

before the measured surface tension reductions exceed 0.5 mN m-1 (Figure 3.10b). This

result indicates that these soil subcomponents are surface active, accumulating at the air-

water interface of the suspended droplet on the tensiometer. We also observed a general

increase in T50 values with increasing surface tension reductions for both of the analysed

subcomponents (Figure 3.10). However, for the Snomax solutions, we observed that the

ice-nucleating activity remained at −14.7 ◦C, even at the lowest mass concentration of

10−2mg L−1 (Figure 3.10b). This trend indicates that the surface tension reduction was

a function of the concentration of surfactants, whereas a significant decrease was only

observed above a minimal surface coverage. In contrast, heterogeneous ice nucleation at

moderate supercooling temperatures (−9 ◦C) was only observed when trace amounts of

INM were present (10-4 mg ml-1) for Snomax solutions. Overall, the observed correlation

between measured surface tension reduction and ice-nucleating activity of the soil sub-

components (in particular, for the lignin dilution series) indicates that the formation of

a surfactant monolayer may be important for ice nucleation, but simply the presence of

surfactants was unlikely to be an indicator of INA in any given solution.

The observed surface tension reductions also indicate the potential for micelle forma-

tion within the solutions (Mabrouk et al., 2022). As surfactants become saturated at

the surface of a droplet, the macromolecules that remain in solution in the bulk cluster

together into micelles to minimise the exposure of the hydrophobic moieties to the water

(Rosen and Kunjappu, 2012). The concentration of surfactants needed to initiate micelle

formation is called the critical micelle concentration (Rosen and Kunjappu, 2012). Once

micelle formation is initiated, further increases in concentration do not lead to further

decreases in surface tension since the surface is saturated (Nesměrák and Němcová, 2006).

In our observations, it became difficult to create solutions with higher concentrations of

lignin and of Snomax, so the critical micelle concentration, if it exists for these substances

could not be measured. Nevertheless, we can state that the critical micelle concentrations

for lignin and Snomax would be above 104mg L−1 and above 103mg L−1, respectively.
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Figure 3.10: Surface tension and average freezing temperature (T50) plotted against
the mass concentration of the analysed soil subcomponents. (a) Lignin and (b) Snomax
for each of their corresponding dilution series

We can therefore conclude that the formation of micelles was not necessary for lignin or

Snomax to nucleate ice.

The T50 values for lignin are linear to the log of the mass concentration in both our work

and the work of Bogler and Borduas-Dedekind (2020) (Figure 3.10a). This relationship

leads to a dilution effect after normalisation to the carbon content of the lignin solutions

(Bogler and Borduas-Dedekind, 2020). The surface tension reduction of lignin solutions

observed in this study suggests that lignin acts as a surfactant and that aggregation of

lignin macromolecules at the air-water interface could be a possible explanation for this

observed concentration dependence in lignin’s ice-nucleating activity.

3.3.5 Does Surface Tension Relate to Ice-Nucleating Ability?

The observed reduction in surface tension for our lignin and Snomax solutions indicates

the presence of surface active components within these solutions. We also observed a cor-

relation between the surface tension reduction and the freezing temperature for our lignin

and Snomax solutions (Figure 3.11). However, the reason for this observed correlation re-

mains unclear. One possible explanation could be that at higher solution concentrations, a

greater quantity of material leads to more INPs within the solution and a greater number

of surfactants with no direct link between the two. Another possible explanation is that

the presence of surfactants within the solution helps to enhance the ice-nucleating activity

of the component. Previous studies have indicated that the presence of surfactants can

enhance the observed ice-nucleating activity (Hiranuma et al., 2013; China et al., 2017;
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Figure 3.11: Relationship between the average freezing temperature (T50) and surface
tension for the dilution series of (a) our soil extracts and (b) subcomponent solutions.

Qiu et al., 2017; DeMott et al., 2018; Perkins et al., 2020; Schwidetzky et al., 2021b). It is

therefore possible that there is a direct link between the ice-nucleating ability of our solu-

tions and their surfactant concentrations as the structure of surfactant macromolecules is

thought to be a good lattice match for ice formation (Qiu et al., 2017; DeMott et al., 2018).

More recent work by Bieber and Borduas-Dedekind (2024) indicates that ice-nucleating

proteins may need to accumulate at the air-water interface of the droplet for ice nucle-

ation to occur, therefore this observed correlation between surfactant concentration and

freezing activity may indicate a mechanism of ice formation by surfactant macromolecules.

However, more work would be needed to confirm the importance of this relationship.

For our soil extract solutions, there was no clear relationship between the ice-nucleating

activity and the surface tension reduction (Figure 3.11), indicating that the concentration

of surfactants in these solutions was too low to impact the surface tension of our droplets.

This result indicates that other biological macromolecules or components that are not

surfactants are likely responsible for the ice-nucleating activity of our soil samples. The

complexity of our soil samples means that many different components are likely to be

present, such as bacteria, fungi, plant debris and even inorganic mineral components

(Conen et al., 2011; Steinke et al., 2016, 2020), any of which may be contributing to the high

ice-nucleating activities observed in this study. Aggregation other than micelle formation

may be playing a role in the ice-nucleating ability of the soil extracts, particularly for the

Rothamsted samples, where we observed some discrepancies in the normalised dilution
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series as a function of temperature. Furthermore, it is possible that the aggregation of

macromolecules impacted the filtration process in this study. For example, aggregates

larger than 0.22 µm may have been removed during filtration, leading to the loss of ice-

nucleating material from the analysed soil extracts.

In our experiments, the surface tension measurements were taken at room tempera-

ture, higher than the subzero temperatures experienced by the freezing droplets in FINC.

Surface tension is temperature dependent (see Figure A.2); the surface tension of pure

water increases with decreasing temperature (Gittens, 1969). Furthermore, the formation

of micelles depends on the concentration of surfactants and the temperature of the solu-

tions (Zieliński et al., 1989), which makes predictions of micelle formations in supercooled

microscopic droplets challenging.

3.3.6 Sensitivity of Soil Extracts to Heat Treatment

To identify heat-liable biological material in the soil extracts (Hill et al., 2016; O’Sullivan

et al., 2018; Daily et al., 2022), heat tests were performed on the two extracted soil dilution

series as well as the samples with the highest ice-nucleating activities from UoL Farm and

UBC Farm (Figure 3.12). We observed a loss of ice-nucleating activity, particularly at

around −5 ◦C in the normalised INM spectra, suggesting that some ice-active proteins are

destroyed as a result of the heat treatment (Steinke et al., 2016; Suski et al., 2018; Daily

et al., 2022). In the undiluted extracted soil solution for the UoL sample 1, we observed

a shift in the T50 from −7.2 ◦C to −11 ◦C and for the undiluted UBC sample 1, there was

a decrease in the T50 from −9.2 ◦C to −10.6 ◦C. We also took measurements of the sur-

face tension reduction for the heated soil extracts before and after heating. For both the

UoL and UBC samples, we observed no significant change in the surface tension reduction

after heating. However, in the dilutions, where freezing occurs at lower temperatures,

the reduction in activity was much smaller or even negligible, indicating that there is a

population of heat-stable ice nucleating entities.

In general, the ice-nucleating ability of the soil extracts remains high, despite exposure

to heat treatment. The ice-nucleating activity was higher than expected for mineral dust,

as shown by the nm values for montmorillonite from Conen et al. (2011) shown in Figure

3.12, indicating the presence of heat-stable organics within the soil samples. Previous

studies have investigated heat-stable organics which can help us to identify what might

be causing freezing in these soils. Some high-temperature freezing can be lost after heat-
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Figure 3.12: Ice active mass site density (nm) as a function of the temperature of the
dilution series for soil extracts before and after heat treatments. (a) The UoL Farm and
(b) the UBC Farm. For comparison, nm values for montmorillonite from Conen et al. (2011) are
also included.

treating agricultural soils (Garcia et al., 2012; Suski et al., 2018), as observed in our data.

Heat-stable INMs have been observed previously in soil samples, which subsequently broke

down after treatment with hydrogen peroxide (O’Sullivan et al., 2014; Suski et al., 2018).

Hill et al. (2016) found a large fraction of the ice-nucleating ability of agricultural soils

was resistant to all tests except oxidation by hydrogen peroxide. They concluded that this

ice-nucleating ability was likely attributed to plant material, such as lignin (Hill et al.,

2016). These findings are similar to those in our study, where a large portion of the

freezing activity remained unaffected by the heating, suggesting that the majority of the

ice-nucleating activity was attributable to heat-stable INMs from the breakdown of plant

material, such as lignin, cellulose, starch or pectin (Borduas-Dedekind et al., 2019; Steinke

et al., 2020; Chen et al., 2021).

In addition, after heating the UoL soil extracts, we observed an increase of up to half

an order of magnitude in the ice-nucleating activity below about −12 ◦C. We saw a shift

to warmer freezing temperatures after heating by 2 ◦C at 1.5 × 104mg−1. McCluskey

et al. (2018) investigated the ice-nucleating ability of marine bioaerosols in a mesocosm

experiment. They also observed increases in ice-nucleating activity after heating their

samples. They hypothesised that this observed increase in ice-nucleating activity was due

to the breakdown of cell walls and the release of INMs into suspension. This was likely not
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the case in our extracted solutions since we filtered our samples to 0.22 µm, which likely

removes whole cells. They also suggested that the observed increase in ice-nucleating

activity could be due to the heating dissolving aggregates in suspension, redistributing

macromolecules and exposing new ice-active sites (McCluskey et al., 2018). Therefore, the

observed increase in ice-nucleating activity after heating our UoL soil extracts suggests

that (a) there are aggregates present in the soil suspension which are not micelles and that

(b) these aggregates are inhibiting ice nucleation at temperatures below about −12 ◦C.

3.4 Conclusions

In this chapter, we investigated the ice-nucleating activity of submicron entities in

three different agricultural soil samples. This study aimed to better understand the ice-

nucleating activity of fertile soils by breaking down the complexity of these soils to their

submicron components and comparing these activities to that of two common soil sub-

components; lignin and ice-active proteins. We found that the ice-nucleating activity of

agricultural soils varies widely between different sampling locations, which could be im-

pacted by a variety of factors such as crop type, land management and environmental

differences. We found that ice-active proteins (when Snomax was used as a proxy) seemed

to contribute to the ice-nucleating activity of the analysed agricultural soils, in particular

the UBC and UoL soil samples. However, when these soil samples were heated, we only

observed a small reduction in ice-nucleating activity, which suggests that a large propor-

tion of the ice-nucleating activity was attributable to heat-stable compounds such as lignin

and cellulose. Despite this, the relative contribution of lignin remains unclear, although

it may have contributed more to the observed ice-nucleating activity of the Rothamsted

soil samples.

We also investigated the relative contribution of surfactant macromolecules to the ice-

nucleating activity of our soil samples and their subcomponents. We achieved this by

examining the relationship between surface tension reduction in relation to pure water

and the ice-nucleating activity of the soil extract solutions and the solutions of lignin

and Snomax. We found that the surface tension reduction caused by organic components

within the soil extracts does not correlate with its ice-nucleating activity. This obser-

vation indicates that surfactants are not contributing significantly to the ice-nucleating

activity of our soil extracts. Despite this observation in the soil extracts, we did observe

a relationship between surface tension reduction and ice-nucleating activity for the soil
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subcomponents analysed in this study, lignin and Snomax. This observed surface tension

reduction indicates the presence of surfactants within these highly ice-active solutions.

However, we were unable to confirm in this study whether this correlation indicated that

the surfactants were acting as ice-nucleating material within these solutions.

Our results suggest that aggregation may play a role in the ice-nucleating ability of

agricultural soils. For example, the nm of the Rothamsted did not align as a function of

temperature indicating that possible aggregation of macromolecules at higher concentra-

tions was blocking nucleation sites. We also observed a slight increase in ice-nucleating

activity after heat treatment for our UoL sample, which indicates that aggregates are

dissolving and releasing ice-active sites into the solution. This aggregation, however, was

not linked to the saturation of surfactants at the surface and the formation of micelles.

Our findings also suggest that other, non-aggregating substances may be controlling the

ice-nucleating ability of agricultural soils. To better understand if the formation of aggre-

gates within soil extract solutions aids in their ability to nucleate ice, or hinders it, future

work could investigate aggregates of organic macromolecules in more detail to determine

what aggregate formations may be ideal to template ice formation.
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rate of soil microparticles. Arabian Journal of Geosciences, 11(20):635.

Gérard, V., Noziere, B., Fine, L., Ferronato, C., Singh, D. K., Frossard, A. A., Cohen, R. C., Asmi, E.,

Lihavainen, H., Kivekäs, N., Aurela, M., Brus, D., Frka, S., and Cvitešić Kušan, A. (2019). Concentra-
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T., and Šantl Temkiv, T. (2022). Structure and Protein-Protein Interactions of Ice Nucleation Proteins

Drive Their Activity. Frontiers in Microbiology, 13:872306.
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4 Investigating the ice-nucleating ability of fungal plant

pathogens.

4.1 Introduction

Few studies have investigated local sources of ice-nucleating particles (INP) in the UK

and even fewer have focused on biological material as an important component of INP

sources (O’Sullivan et al., 2018; Sanchez-Marroquin et al., 2021). As discussed in Section

1.4, agriculture is potentially a key source due to emissions of fertile soils and plant matter,

as well as microorganisms associated with soils and plants (Steinke et al., 2016; Sanchez-

Marroquin et al., 2021). The natural landscape of the UK consists of mostly grassland

and woodland. However, 20% of the land in the UK has now been adapted into cropland

(Graves et al., 2016). Despite a slight decrease in the total area of land used for agriculture

in the UK, from 19.8 million ha in 1961 to 17 million ha in 2005 (Graves et al., 2016),

the overall intensity in agricultural practises has increased, including the extensive use of

monocultures in crop production. Crop agriculture has also grown on a global scale and

intense farming practices inject large amounts of biological material, including bacteria and

fungi (Lymperopoulou et al., 2016; Calderón-Ezquerro et al., 2020), potentially creating

a significant source of INPs. In particular, agricultural soils may act as a reservoir for

ice-nucleating biological particles, accumulating overtime and releasing large quantities

into the atmosphere. This chapter aims to investigate the impact of agricultural fungal

pathogens on regional INP populations by investigating the ice-nucleating (IN) abilities

of two important fungal plant pathogens in the UK.

Yellow Rust (Puccinia striiformis) and Light Leaf Spot (Pyrenopeziza brassicae) spores

were chosen for analysis in this study because the crops they infect (wheat, barley and

oilseed rape) are common across the UK and their ice-nucleating activity is poorly un-

derstood. As discussed in Section 1.3.1, previous work has focused on common soil fungi,

such as species of Fusarium. These studies have shown that Fusarium species are highly

ice-active and likely proteinaceous in origin (Pouleur et al., 1992; Kunert et al., 2019;

O’Sullivan et al., 2015). On the other hand, studies of other common plant fungal species,

such as Cladosporium species, suggest that their hydrophobic properties make them poor

ice nucleators (Iannone et al., 2011). Only one study has examined the ice-nucleating

ability of Yellow Rust spores (Morris et al., 2013), whereas Light Leaf Spot spores have

not been analysed for their ice-nucleating ability. Additionally, rust spores are known to
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Figure 4.1: Yellow Rust (Puccinia striiformis) infection and fungal spores. Yellow Rust
infection on wheat leaves (a) and (b) showing yellow-coloured pustules that release urediniospores
(photos taken by Jon West, Rothamsted Research). (c) False colour scanning electron microscopy
image of Yellow Rust urediniospores taken from Bouvet et al. (2022).

be widespread and evidence has shown they can travel at least 800 km in distance (In-

gold, 1971). Therefore, the ice-nucleating ability of these spores may be important for

atmospheric ice formation, transported at high concentrations to cloud-relevant altitudes

by deep convection.

Yellow Rust (herein referred to as YR) is a disease which infects wheat, barley and

grasses and is caused by a fungus called Puccinia striiformis (Bouvet et al., 2022). The YR

infection appears as stripes of yellow pustules on the leaves of infected plants which release

urediniospores, which are fungal spores with relatively thick, pigmented walls (Ingold,

1971), hence its other common name; stripe rust (Figure 4.1a and b). Over the winter

months, YR mycelium lies dormant and can survive temperatures as low as −5 ◦C. As

temperatures begin to increase in the spring months, YR begins to cultivate and the

infection can take hold. Temperatures between 10°C and 15°C, with relative humidities

of 100% in April and May are the optimal conditions for the growth and spread of this

disease. YR spores are spread by wind, meaning they can disperse at large regional scales

and infect large areas of cropland (Bouvet et al., 2022). YR urediniospores are spherical

and approximately 22 µm in diameter with small spikes covering their surface (Figure 4.1c).

The spikes help to anchor the spores once they land on the leaf of a plant (Lacey and West,

2006). The YR urediniospores also secrete mucilage, a thick secretion of compounds such

as polysaccharides, glycoproteins and amino acids, to their surface (Ramadoss et al., 1985;

Qu et al., 2017), the thickness of which depends on the environmental relative humidity.

This mucilage production allows the spores to stick together and avoids dispersal at the

wrong time (Rapilly, 1979; Geagea et al., 1999).

Light Leaf Spot (herein referred to as LLS) is a fungal pathogen which infects oilseed
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Figure 4.2: Light Leaf Spot (Pyrenopeziza brassicae) infection and fungal spores.
Light Leaf Spot infection on oilseed rape leaves showing (a) early sporulation and (b) the later
stage of infection with pale sites of the established infection (photos taken by Jon West, Rothamsted
Research). (c) Microscope image of Light Leaf Spot conidia spores stained blue, taken by Jon West.

rape plants and is caused by the fungus Pyrenopeziza brassicae. The infection appears

as light spots on the leaves of the infected plant (see Figure 4.2a and b). LLS uses

two different methods of dispersal; conidia spores are dispersed, usually only very short

distances, by rain splash, whereas ascospores are released through wind dispersal, which

usually involves long-distance transportation of fungal spores (Gilles et al., 2000). The

LLS infection starts in the autumn months but tends to develop into a full infection in

the spring when temperatures are between 4°C and 20°C. Warm, wet weather creates

an optimal environment for the growth of LLS on plant leaves, meaning the infection

tends to peak in the spring or summer months. For LLS, both the conidia spores and

the ascospores are rod-shaped with an average length of around 14 µm (see Figure 4.2c),

the difference between the two spores is that the conidia spores are reproduced asexually,

whereas ascospores are sexually reproduced by multiple fungi.

This chapter focuses on the effects of storage length and exposure to cold stress on

the ice-nucleating ability of fungal spores. Experiments with YR spores considered the

impact of long-term storage and whether their ice-nucleating ability was associated with

their viability. The aim of this was to establish the potential of these fungal spores to

accumulate in agricultural soils, increasing their relative contribution to atmospheric INP

concentrations. Previous work on ice-active bacteria identified an ageing effect where the

ice-nucleating activity was lost over months of storage (Polen et al., 2016). However, the

ice-nucleating ability of these ice-active bacteria is not dependent on their culturability as

even cell fragments can harbour the important ice-nucleating proteins (Hartmann et al.,

2022). So, here we explored if these observations hold for fungal ice-nucleating macro-

molecules (INMs). YR can only grow on living plants and so cannot be cultured in a lab.

Therefore, the YR spores used in this study were collected directly from plants and stored

dry in the fridge.
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For LLS spores, we investigated whether cold stress would induce ice-nucleating ac-

tivity in the fungal spores. Previous work done on ice-active bacteria from permafrost

environments showed a distinct increase in ice-nucleating ability after exposure to low

temperatures (4 ◦C and −10 ◦C) and that a greater cold shock caused a larger increase in

ice-nucleating activity (Ponder et al., 2005). Additionally, the impact of cold stress has

been shown to hold true for ice-binding proteins (Bredow and Walker, 2017). So, in this

study, we investigated whether cold stress could induce ice-nucleating activity in LLS fun-

gal spores. Bacteria species associated with fungal spores may help to contribute to their

ice-nucleating activity, but so far this contribution is believed to be very small (Morris

et al., 2013). In this chapter, we examined the potential contribution of ice-active bacteria

species associated with fungal spores to determine the true nature of the ice-nucleating

activity from fungal spores.

4.2 Experimental Methods

We started by collecting different samples of YR and LLS from different locations, some

were grown in a clean laboratory environment and others were sampled directly from in-

fected plants in the field. In this case, both field and lab-grown samples were examined

to determine how different factors influence the ice-nucleating ability of the fungal spores.

During the collection of field-based fungal samples, it’s likely that other ice-active sub-

stances will be collected alongside the fungal spores themselves. For example, Morris et al.

(2013) found highly ice-active bacteria (P. syringae) on urediniospores of rust collected in

the field. The presence of highly ice-active bacteria, such as P. syringae, could enhance

the ice-nucleating activity of the analysed fungal spores leading to the overestimation of

the ice-nucleating ability of the fungal spores. Therefore, by growing fungal isolates in the

lab, we could ensure that contamination by highly ice-active components such as bacteria

could be minimised, allowing us to identify the ice-nucleating ability of the fungal spores

themselves. On the other hand, natural environmental growth conditions, such as temper-

ature and humidity, may influence the expression of ice-active substances on the surface

of fungal spores. Therefore, growing isolates in controlled and sterile conditions may lead

to the underestimation of their ice-nucleating ability, hence we decided to also examine

samples collected from the field. Once the different samples of YR and LLS spores were

collected, we created fungal suspensions with pure water to investigate the immersion

freezing behaviour of the fungal spores using our droplet freezing assay technique (See
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Methods).

Figure 4.3: Cyclone separator used to collect YR fungal spores from pustules identified
on infected wheat leaves.

4.2.1 Sample Collection and Preparation

4.2.1.1 Yellow Rust (YR)

The fungus that causes YR (Puccinia striiformis) cannot be isolated and grown in a lab

on agar plates because the fungus does not grow past initial germination and must be

grown on the leaves of plants. Therefore, YR spores were collected directly from the

infected wheat leaves by Jon West. A cyclone separator (taken from a Burkard cyclone

field sampler and adapted for portable use) was used to extract the fungal spores from the

visible pustules on the leaves of infected plants directly into 2 mL centrifuge tubes, a similar

technique was used in Macher et al. (2008). The cyclone separator was run until the 2 mL

85



Table 2: Overview of collected fungal samples. Including sampling date, location and
coordinates.

Sample Type Sample date Location Coordinates

YR spores 24th Apr 2022 Harpenden, Hertfordshire 51.8, -0.36
25th May 2023 Harpenden, Hertfordshire 51.8, -0.39

LLS leaves 13th Apr 2023 Harlaxton, Lincolnshire 52.9, -0.68
LLS D02 isolate 30th Mar 2023 Kincaroine, Scotland N/A*
LLS B08 isolate 7th Feb 2023 Carlow, Ireland N/A*

*exact location unknown for data protection reasons

tubes were two-thirds full. In this study, we examined the ice-nucleating abilities of two

different samples of YR spores. The first sample was collected from wheat (Fielder variety)

grown in a polytunnel (a controlled but not sterile environment) at Rothamsted Research

in Harpenden and inoculated with YR spores (Table 2). A sample of these YR spores was

collected on the 24th of April 2022 and stored at 4 ◦C before analysis. The sample collected

in April 2022 (herein referred to as 2022 sample) was initially analysed in October 2022,

then was stored again at 4 ◦C until analysis was repeated in May 2023. The second sample

of YR spores was collected from wheat (variety unknown) infected with YR in a field in

Harpenden, Hertfordshire on the 25th of May 2023 (Table 2) and analysed immediately

(herein referred to as 2023 sample). It is possible that other INP types were collected

through this method alongside the YR spores. However, we assumed that the fungal

spores were dominating the freezing activities of these samples. Although the sample

likely contains small amounts of other material, such as leaf fragments and bacteria, the

quantities of these materials are assumed to be small, and therefore have a minimal impact

on the ice-nucleating analysis. DNA analysis completed after ice-nucleating analysis did

not find quantifiable amounts of bacteria in our YR fungal samples.

For each sample, a small subsample of the spores was added to 200 µL of High-

Performance Liquid Chromatography (HPLC) grade water and mixed into suspension

with a vortex mixer for 10 seconds. The fungal spores have a high hydrophobicity, mean-

ing that they were visibly clumping together within the suspension. Clumping of the

fungal spores within the suspension could mean that the spores are not evenly distributed

across the microlitre droplets, for example, some of the droplets contain large clumps of

fungal spores whereas others contain only one or two spores. We need the spores to be

evenly distributed across the freezing assay to be able to see the full spectra of freezing.

We found that by leaving the suspensions for 1 hour and mixing for a few more seconds

on the vortex mixer, the clumping was visibly reduced.
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4.2.1.2 Light Leaf Spot (LLS)

Isolates of LLS (Pyrenopeziza brassicae) were obtained from two different locations by

a third party and sent to Rothamsted Research for analysis (Table 2). The first isolate

(D02) was collected from Kincaroine in Scotland, where it was found growing on the Crome

oilseed rape variety and the second isolate (B08) was collected from Carlow, Ireland, where

it was found growing on the Ergo oilseed rape variety (further details of the collection of

these isolates are unknown due to data protection). Colonies of LLS were grown from

the isolates on 3% malt extract agar (MEA) in plastic Petri dishes by Kevin King. Each

Petri dish was sealed with parafilm and incubated for 45 days at 18 ◦C before further

analysis was carried out. Examples of the incubated isolates are shown in Figure 4.4.

To subculture LLS, a small square of mycelium from the leading edge of the colony was

spread onto the 3% MEA plate in a sterile-flow cabinet. After incubation, some of the

Petri dishes were placed in the freezer at −20 ◦C overnight for 12 hours to investigate the

impact of exposure to cold stress on the ice-nucleating ability of the fungal spores. After

being exposed to −20 ◦C for 12 hours, the isolates were allowed to thaw and then left to

incubate for another 2 days before extraction, to determine if spores grown after exposure

to cold stress were more ice-nucleating active.

Figure 4.4: Two examples of the cultures of LLS grown in the lab (a) and (b).

To harvest the fungal spores from the agar plates, 1mL of HPLC-grade water was

pipetted onto the fungal culture. A plastic rod was used to gently agitate the culture

and remove the spores from the surface of the agar. Then the suspension was pipetted

from the Petri dish and filtered through some miracloth to remove any mycelium that may

have been extracted, leaving a pure spore suspension. This process was completed for each

extracted fungal isolate and is a similar process to that used by Fröhlich-Nowoisky et al.

87



(2015). On the 21st of April 2023, we harvested four fungal cultures; three of the D02

isolates (two of which had been exposed to subzero temperatures) and one B08 isolate.

On the 9th of May 2023, we harvested four more fungal cultures; two of the D02 isolates

and two of the B08 isolates where one of each had been exposed to subzero temperatures.

Leaves from oilseed rape crops which were infected with LLS (strain unknown) were

collected by Jon West from a field near Harlaxton, Lincolnshire on 13th April 2023. The

leaves were frozen until they could be analysed on 5th May 2023. Each leaf was placed

into 10mL of HPLC-grade water in a glass beaker. The leaf was left to soak for about two

minutes and then the glass beaker was gently shaken to agitate the surface of the leaves

and remove the spores until the suspension was visibly cloudy from the presence of fungal

spores. We assumed that other ice-active substances, in addition to the LLS spores, would

be washed into suspension during this process. To consider this potential contamination

with our analysis, we wanted to compare the LLS leaf washings with washings from an

uninfected oilseed rape leaf. However, the LLS disease starts very indistinct and can be

hard to identify on leaves of oilseed rape (see Figure 4.2a), therefore it was difficult to find

a leaf that was free from any fungal infections to use to assess the ice-nucleating activity

washed from oilseed rape without LLS. Therefore, our sample freezing temperatures were

compared to pure HPLC-grade water blanks instead of using handling blanks.

4.2.1.3 Isolation of Bacteria from LLS Field Samples

We also investigated a leaf-washed sample of LLS collected from the field in 1996, which

had been kept in a freezer at −20 ◦C for 27 years. DNA extraction and PCR amplifica-

tion techniques as described by Nicolaisen et al. (2017) were used to identify species of

bacteria within the 1996 leaf-washed sample and were carried out by Gail Canning. After

DNA extraction, four identified bacteria species were isolated and cultured on 3% potato

dextrose agar (PDA) plates (Figure 4.5). Once grown, the bacteria was extracted from

the agar plates by scrapping a small amount off the top using a sterile plastic loop and

mixing with 200 µm of HPLC-grade water. The bacteria suspensions were then tested for

their ice-nucleating ability.

4.2.1.4 Spore Concentration Calculations

The concentration of spores in each spore suspension was quantified using an Improved

Neubauer Haemocytometer (Weber Scientific International, Lancing, UK) with an Olym-

pus BH-2 laboratory microscope (using a times 10 eyepiece and a times 20 objective lens
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Figure 4.5: Cultures of bacteria isolated from the 1996 field sample of LLS infected
leaves. (a) No. 2 Yellow, (b) No. 2 Orange, (c) No. 3 and (d) No. 4.

for counting spores). The haemocytometer is a counting chamber originally designed for

counting blood cells (Waller et al., 1998). The counting chamber of the haemocytometer

is designed so that it is exactly 0.1 mm deep and has grids ruled onto the top to portion

out the chamber into 1 mm squares (Figure 4.6). The central 1 mm grid is subdivided

into 25 smaller squares, which are each subdivided again into 16 even smaller squares

(Waller et al., 1998). This design means that we can determine the average number of

spores in one 0.0025 mm2 grid cell of the haemocytometer and then scale up to determine

the number of fungal spores in 1 mL of the fungal suspension. Since the YR and LLS

spores were relatively large, at 22 µm and 14 µm respectively, and the concentrations of

our fungal spore suspensions were relatively high, we counted five of the 0.0025 mm2 grids

and calculated an average count for one of those grids. We then multiplied the calculated

average number of spores by 250,000 to calculate the average concentration of spores per

cm3 for the fungal spore suspension.

This estimation works on the assumption that the fungal spores are evenly distributed

throughout the fungal spore suspension and that the concentration of sample used for the

count is representative of the whole suspension. The YR spores were very hydrophobic and
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Figure 4.6: Schematic of the Improved Neubauer Haemocytometer used for estimating
the concentration of fungal spores within each fungal spore suspension. Showing the
lined grids of the counting chamber, designed to break down the chamber and make the counting
more efficient.

although they seemed to be evenly distributed throughout the suspension, we noticed that

the spores themselves were adhering to the inside of the pipette tips when pipetting out

droplets for the freezing analysis. So, we decided to calculate the average number of spores

per droplet after the freezing analysis to verify the concentration of spores in the analysed

droplets. After the droplets had been frozen, they were allowed to thaw before being

placed under a microscope to examine the level of mixing of spores within the droplets.

First, we verified that the fungal spores were evenly distributed throughout the droplets

(Figure 4.7). Then, the average number of spores per droplet was calculated by selecting

five droplets at random and counting the total number of spores in each droplet (Figure

4.7).

4.2.2 Immersion Freezing Analysis

Droplet freezing experiments to measure the ice-nucleating activity of our spore sus-

pensions were carried out using the Microlitre Nucleation by Immersed Particle Instrument
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Figure 4.7: Microscope images of 1 µL droplets of YR spore suspensions taken after
freezing assay (a) to (e).

(µL-NIPI), as described in Section 2.1.1. Due to the portability of the Peltier cold stage,

we chose this method for the droplet freezing analysis of the extracted fungal suspen-

sions. As detailed in Section 2.2, the temperature at which each droplet froze was used

to determine the fraction of droplets frozen as a function of temperature, or fice(T ), for

each fungal spore suspension (Eq. 11). The fice(T ) was then used to calculate the total

number of ice-active sites per spore, nn, where Cn was the total number of fungal spores

per droplet (Eq. 16).

To estimate the ice-active site density per mass of fungal spores, or nm (in g−1), for

the YR samples, we used the average diameter of 22 µm and an average mass density of 1

g cm−3 (Lacey and West, 2006) to estimate the total mass of one fungal spore. Multiplying

the mass of one fungal spore by the number concentration of spores per cubic centimetre,

provided an estimate for the total mass concentration of spores in the analysed fungal

suspension, or Cm (in g cm−3). This Cm and the volume of the droplet, Vd (in cm−3),

were then used to calculate nm (as shown in Eq. 14).

4.2.3 Agar Analysis

It was important to test whether the MEA itself contributed to the ice-nucleating

activity of our LLS fungal extracts. Agar consists of polysaccharides extracted from the

cell walls of red algae species. Marine algae have been shown previously to be sources of

ice-nucleating activity in sea surface aerosols (SSAs), meaning that the MEA is likely to
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contain this ice-nucleating ability (Knopf et al., 2011; Wolf et al., 2019). To test if the

MEA contributed to the ice-nucleating activity of our fungal extracts, we used a blank 3%

MEA agar plate and completed the full extraction technique and ice-nucleating analysis

without any fungal culture being added. To do this, 1 mL of HPLC-grade water was

pipetted onto a blank agar plate and gently rubbed with a sterile plastic rod. The water

was then carefully pipetted off the plate and filtered through miracloth. To examine the

effect of freezing on the possible ice-nucleating activity of agar, two blank agar plates were

also left in the freezer at −20 ◦C overnight, and the extracted process was repeated to see

if any change in the ice-nucleating activity was observed. The freezing activity of the agar

extracted solutions was compared with pure water which had been passed through the

miracloth, to test if any observed contamination was attributable to the miracloth.

4.3 Results and Discussion

4.3.1 Yellow Rust (YR)

The YR fungal spores displayed significant ice-nucleating activity above the back-

ground (Figure 4.8). For the concentrations of fungal spore suspension examined here,

the majority of freezing occurred below −15 ◦C, with some sporadic freezing events occur-

ring between −10 ◦C and −15 ◦C. The average freezing temperature (T50) of the undiluted

fungal spore suspensions from the 2022 sample was −20.3 ◦C, whereas the T50 for the spore

suspensions from the 2023 sample was −21.2 ◦C. Therefore, we observed a small amount

of natural variation between the different collected samples, which was expected as the

two samples were collected a year apart with different environmental growth conditions

and in different crop fields. Additionally, the observed freezing temperatures suggest that

the YR spores have a lower ice-nucleating activity compared to other biogenic material, in

particular, proteinaceous INP which tends to nucleate ice at temperatures above −10 ◦C.

However, we would need to normalise the freezing to the concentration of spores in the

analysed suspensions to compare to the ice-nucleating activity of other biogenic substances.

Two dilutions of the original 2022 sample suspension were prepared and examined in May

2023. These dilutions were used to determine the full spread of the INP spectra for the

2022 sample and were prepared as a factor ten dilution each time. These dilutions are

also shown to nucleate ice above the background freezing (Figure 4.8).

The first part of our analysis was to verify if the ice-nucleating activity of the YR spore

dilutions scaled evenly as a function of temperature. We calculated the total number of ice-

92



Figure 4.8: Fraction frozen (fice(T )) curves as a function of temperature for the YR
spore suspensions. (a) From the sample collected in April 2022, analysed in October 2022 (blue)
and again in May 2023 (yellow). (b) From the sample collected in May 2023.
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Figure 4.9: Total number of ice-active sites per spore (nn) as a function of temperature
for the YR spore suspension and dilutions collected in April 2022.

active sites per spore (nn) from the estimated concentrations of our YR spore suspensions

and then compared the ice-nucleating activity of the 2022 sample, which was analysed

both in October 2022 and May 2023 (Figure 4.9). The dilution series which were analysed

in May 2023 align well as a function of temperature. We expected to see a small degree of

natural variability between the different dilutions and analysis runs since the ice-nucleating

activity of individual spores is likely to vary significantly. Natural variation between fungal

spores will impact the expression of ice-active substances at the surface of the spore and

depends on growth conditions and genetic variations. The number of ice-active sites per

spore continues to increase as we expect with decreasing freezing temperatures and that

aggregation was likely not impacting the ice-nucleating ability of these spores (referring

back to Section 3).

We also examined the impact of the length of storage on the ice-nucleating ability of

the YR spores (Figure 4.9). Long-term storage of biological INP substances can either

enhance or inhibit their ice-nucleating abilities, depending on the composition or source of

the INP (Polen et al., 2016; Beall et al., 2020). To see how the length of storage impacts

the ice-nucleating activity of YR spores, we completed two separate freezing analyses

on the 2022 sample. We first analysed the ice-nucleating activity of the 2022 sample in

October 2022, after five months of storage in a fridge at 4 ◦C. The 2022 sample was then

analysed again in May 2023, after 13 months of storage at the same temperature. At

temperatures below −20 ◦C, there was little to no change in the ice-nucleating activity
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Figure 4.10: Total number of ice-active sites per spore (nn) as a function of tempera-
ture for the rust spore suspensions and dilutions. Showing both YR spores from this study
collected in April 2022 and May 2023 and, for comparison, Wheat Leaf Rust spores analysed by
Haga et al. (2013) and Morris et al. (2013).

of the 2022 sample between October 2022 and May 2023. This observation suggests that

long-term storage has little impact on the ice-nucleating activity of YR spores at these

temperatures. However, the ice-nucleating activity between −15 ◦C and −20 ◦C decreased

over this time by about 1.5× 10−3 spore−1. This observed change in the total number of

ice-active sites per spore between −15 ◦C and −20 ◦C could indicate a loss of ice-nucleating

activity due to the extra 8 months of storage, which is consistent with previous studies

which found that larger aggregates, tending to freeze at higher temperatures, are more

sensitive to the loss of ice-nucleating activity with storage length (Polen et al., 2016; Beall

et al., 2020). However, it is worth noting that the analysis of the 2022 sample from October

2022 contains only one sample run, due to time constraints. As we would expect a large

variation in the ice-nucleating activity of different spores within the sample, particularly

at higher freezing temperatures. Therefore, we were unable to rule out natural variability

as the cause of this observed difference.

We also analysed two different samples of YR spores, collected a year apart to better

understand the impact of long-term storage on their ice-nucleating activity (Figure 4.10).

Since the 2023 sample was collected and analysed on the same day, we expected the ice-

nucleating activity of this sample to be higher than the 2022 sample, which was only

analysed for the first time 5 months after collection. Therefore, we anticipated that the

ice-nucleating activity of a fresh sample of YR spores would be higher since storage has
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not yet degraded its activity. However, we observed that the ice-nucleating activity of the

2023 sample was, in fact, slightly lower than that of the 2022 sample. At −20 ◦C, the

full spread of variation between the different samples spans an order of magnitude with

much wider variation in the 2022 sample compared to the 2023 sample. This observation

suggests that natural variability within samples of YR spores may play a bigger role in

the ice-nucleating activity than storage length. Growth conditions, including temperature,

humidity and moisture availability will have impacted the expression of ice-active material

within the two different samples, and may be leading to the observed differences in ice-

nucleating activity. The two samples were collected from different locations, with the

2023 sample from field-grown wheat and the 2022 sample from polytunnel-grown wheat,

and were likely from different varieties of wheat and P. striiformis. Therefore, it is likely

that these differences are contributing more significantly to the observed difference in ice-

nucleating activity, rather than the length of storage of the sample. For example, it could

be that in the slightly more controlled environment of the polytunnel, more mucilage was

produced on the spores in the 2022 sample. The increased production of mucilage could

result in the release of more INMs to the surface of the fungal spores, increasing their

ice-nucleating activity per spore. Furthermore, the loss of activity observed in the 2022

sample was only seen for freezing temperatures above −20 ◦C, however, there is very little

ice-nucleating activity above −20 ◦C at all in the 2023 sample. This observation suggests

that the ice-nucleating activity of YR spores above −20 ◦C was more sensitive to long-

term storage but that natural variability across different YR samples means that warmer

temperature freezing was not always present.

Previous work by Morris et al. (2013) focused on the ice nucleation of fungal spores

as a mechanism for the dispersal of fungal species in the environment. Before reanalysing

the 2022 sample, we attempted to use some of the spores to infect a new wheat plant

to test the viability of the spores. We were unable to induce spore germination of the

YR spores, suggesting the spores were no longer viable. This potential loss of viability

was not associated with a loss of ice-nucleating activity in these spores, suggesting that

the ice-nucleating ability of the YR fungal spores was not associated with their viability.

This observation may be in contrast with the theory presented by Morris et al. (2013)

since the spores would need to maintain their viability for their ice-nucleating activity to

be a mechanism of dispersal. Instead, this observation indicates that the ice-nucleating

ability of YR spores was attributable to a substance with another function whose ice-
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nucleating activity is coincidental. However, it is worth considering other reasons we were

unable to induce germination with the YR spores, such as the environmental conditions

of inoculation, and the spores may have remained viable during their time stored (Ingold,

1971).

We compared the total number of ice-active sites per spore for our YR spore suspen-

sions with data from the literature (Figure 4.10). Since the ice-nucleating activity of YR

spores have not previously been examined in detail, we compared its activity to a similar

fungal species, P. triticina (Haga et al., 2013; Morris et al., 2013). Both of these fungal

species are part of the same genus of plant pathogens, known as rust fungus. Therefore,

the ice-nucleating activity of our collected YR spores, both the 2022 sample and the 2023

sample, were compared with the ice-nucleating activity of wheat leaf rust spores (Haga

et al., 2013; Morris et al., 2013), to compare the ice-nucleating activity of different rust

species (Figure 4.10). In general, the ice-nucleating activity of our YR spores spans the

freezing temperature range between the activity identified by Haga et al. (2013) and Mor-

ris et al. (2013). At −25 ◦C, the ice-nucleating activity of the YR spores from our 2022

sample is up to 2 orders of magnitude higher than that of Haga et al. (2013). The Morris

et al. (2013) data, on the other hand, spans across the high temperature freezing and seems

to overlap with some of the sporadic freezing observed in our YR samples. However, we

cannot rule out contamination as the cause of this sporadic freezing in our YR samples,

making comparison to Morris et al. (2013) very difficult.

We also wanted to compare the ice-nucleating activity of our YR samples with that

of Fusarium, a fungi known to be an efficient ice nucleator. Literature values have esti-

mated the ice-active mass site density of Fusarium species (O’Sullivan et al., 2015), so we

estimated the ice-active mass site density (nm) for our YR spore suspensions using the

average density and diameter of YR spores (Figure 4.11). We were then able to compare

this ice-nucleating activity with the ice-active mass site density of Fusarium avenaceum,

as analysed by O’Sullivan et al. (2015). The ice-nucleating activity of YR spores was up

to 5 orders of magnitude lower than the ice-nucleating activity of Fusarium (Figure 4.11).

We also observed a distinct difference in the freezing behaviour of these two fungal species.

The majority of the freezing activity of Fusarium avenaceum is above −10 ◦C and then the

cumulative ice-nucleating activity of Fusarium plateaus at an ice-active mass site density

of around 109 g-1. However, the ice-nucleating activity of YR fungal spores occurs mostly

below −15 ◦C with some sporadic freezing occurring above this temperature.

97



Figure 4.11: Ice-active mass site density (nm) as a function of temperature for fungal
spores. Showing both YR spores examined in this study and the mycelium of Fusarium avenaceum
analysed by O’Sullivan et al. (2015).

These results suggest that the nature of the macromolecules responsible for freezing in

Fusarium samples is different to the nature of the macromolecules responsible for the freez-

ing activity of YR spores. Fusarium INMs are known to be proteinaceous, since heat tests

of soil fungus species have shown a decrease in ice-nucleating activity most likely due to

the denaturing of proteins (Pouleur et al., 1992; Fröhlich-Nowoisky et al., 2015). However,

the ice-nucleating activity of rust spores may be attributable to other ice-nucleating sub-

stances. Morris et al. (2013) found that the ice-nucleating activity of rust spores remained

unaffected by treatment with lysosome, an enzyme which digests proteins, indicating that

polysaccharides are responsible for the ice-nucleating activity of rust spores. Given that

mucilage released to the surface of fungal spores is often composed of polysaccharides and

glycoproteins, these substances may be responsible for the observed ice-nucleating activity

in YR spores. Also, we can apply knowledge from classical nucleation theory (CNT; Sec-

tion 1.2.2) to determine the size of the macromolecules involved in the ice nucleation for

each fungal species since the critical ice embryo size is temperature-dependent (Seinfeld

and Pandis, 2016). The high-temperature freezing observed for Fusarium avenaceum is

likely associated with large aggregates of macromolecules since larger ice embryos have

higher nucleation rates. On the other hand, the freezing activity of the YR spores occurs

at lower temperatures suggesting the INMs associated with freezing in YR spores are made

up of smaller macromolecular aggregates which nucleate at a slower rate.
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4.3.2 Light Leaf Spot (LLS)

4.3.2.1 Lab-Grown Cultures

First, we investigated the ice-nucleating activity of LLS spores extracted from lab-grown

cultures of LLS. The range of freezing observed in the malt extract agar handling blanks

was much larger than the usual range for handling blanks (Figure 4.12a). This meant

that the freezing for our LLS spore suspensions was within the range of our contaminated

blanks (Figure 4.12b). Since the freezing activity of the LLS spores was indistinguishable

from that of the baseline, we can confirm that the ice-nucleating ability of these spores

is not higher than the freezing observed within our handling blanks of this study. We

also exposed some of the fungal isolates to subzero temperatures to determine if cold

stress could trigger the release of INMs. The fungal isolates that were exposed to subzero

temperatures were also extracted and analysed for their ice-nucleating ability, however,

the freezing was still within the range of the background handling blank (Figure 4.12b).

Therefore, despite the exposure to subzero temperatures, the ice-nucleating ability of the

LLS fungal spores remained below our limit of detection.

4.3.2.2 Field Samples

We also examined the ice-nucleating ability of LLS spores extracted directly from infected

oilseed rape crops. Despite seeing no evidence of ice-nucleating activity in LLS spores

grown in the lab, we wanted to investigate if these spores express INMs when exposed

to environmental factors. The fungal spores were removed from the oilseed rape leaves

by washing into the suspension. The leaf-washing suspensions were then tested for their

ice-nucleating ability, which was shown to be higher than the lab-grown fungal suspensions

(Figure 4.13). We also tested the ice-nucleating activity of an old leaf washing from 1996,

which had been left stored in the freezer. All of the leaf wash samples collected in 2023

had a similar pattern of freezing behaviour. However, we observed a distinct natural

variation between the different sampled leaves, with a spread in T50 of 1.3 ◦C. Given that

many different factors could be impacting the ice-nucleating activity of these leaf-washed

samples, such as levels of contamination, concentration of spores washed into suspension

and specific growth conditions, we concluded that this level of natural variation seemed

reasonable for these samples. For the 1996 sample, only one freezing analysis run was

completed due to time constraints, but we were still able to compare this sample with our

2023 samples. We observed that there was more of a tail of freezing for the 1996 sample at
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Figure 4.12: Fraction frozen (fice(T )) curves as a function of temperature for lab-
grown analysis including (a) agar plate handling blanks and (b) the two different isolates of
LLS.
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Figure 4.13: Fraction frozen (fice(T )) curves as a function of temperature for LLS
spore suspensions from field samples collected in 1996 and 2023.

greater freezing temperatures and that the majority of freezing occurs at around −20 ◦C.

We hypothesise that the higher freezing temperatures observed in the 1996 sample were due

to a greater level of contamination from other sources compared to our samples collected

in 2023.

The freezing activity of the 1996 sample remained relatively high despite it being

stored in a freezer for 27 years. Although we have no previous measurements of the ice-

nucleating activity of this sample, its ice-nucleating activity has not been completely lost

over this time. Previous work by Beall et al. (2020) suggests that the length of storage of

samples at room temperature has little impact on their INP concentrations, concluding

that the majority of changes to INP concentrations occur in the first 24 hours of storage

or upon freezing the sample. They also suggest that warm-temperature INPs, which are

more sensitive to heat treatment, are also more sensitive to storage (Beall et al., 2020).

Therefore the ice-nucleating activity of the 1996 sample containing freezing above −10 ◦C

originally, but that activity may have since been lost due to freezing and storage.

The freezing activity from the LLS leaf washings was normalised by the average num-

ber of ice-active sites per spore so comparisons could be made to other fungal species

(Figure 4.14). At −20 ◦C, the number of ice-active sites per spore varied across 2 orders

of magnitude (3× 10−4 spore−1 to 3× 10−2 spore−1) across the different spore types, with
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Figure 4.14: Total number of ice-active sites per spore (nn) as a function of temper-
ature for LLS spore suspensions extracted from oilseed rape leaves. For comparison, the
total number of ice-active sites per spore (nn) for YR (this study) and wheat leaf rust (Haga et al.,
2013; Morris et al., 2013)

the LLS leaf washings being at the upper end of this range. Despite this large varia-

tion, the ice-nucleating activity of the LLS leaf wash and the YR collected spores both

fit well with the observed range of freezing observed in other rust species (Haga et al.,

2013; Morris et al., 2013). To compare the freezing activity of rust spores with that of

mineral dust, Haga et al. (2013) calculated the average ice-active site density per particle

from data collected by Niemand et al. (2012) using the average diameter measured by

Niemand and others and assuming the mineral dust particles were spherical (Haga et al.,

2013). This converted data from Haga et al. (2013) is plotted in Figure 4.14 so we can

compare the ice-nucleating activity of our YR and LLS samples with the ice-nucleating

activity of mineral dust. The ice-nucleating ability of the YR and LLS spores analysed

in this study seems to be up to an order of magnitude higher than that of mineral dust.

However, the atmospheric concentrations of mineral dust in the atmosphere are known

to dominate ice nucleation in mixed-phase clouds due to high concentrations of mineral

dust aerosols, therefore, mineral dust likely outcompetes the fungal spores analysed here

as INPs in the atmosphere.

Since there was no evidence of any ice-nucleating activity in the lab-grown LLS sam-

ples, but a distinct freezing activity above the blank for the field-collected samples, we

investigated whether the ice-nucleating ability of the LLS fungal spores could be attributed

to bacteria associated with the spores or collected with the leaf washings. Bacterial species
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were isolated from the leaf washing which had been collected in 1996. These bacteria were

cultured on agar, extracted into suspension using a sterile plastic loop and then examined

for their ice-nucleating ability, shown in Figure 4.15. Out of the four bacteria species

analysed, only one had a freezing activity greater than that of the 1996 LLS leaf-washing

sample. DNA analysis of the bacterial isolates revealed their identity to the genus level

as there were too many similar sequences to determine the species. However, we were

able to identify that the most ice-active bacteria isolate (No.2 Yellow) was of the genus

Pseudomonas, a genus of bacteria which contains many known ice-active bacteria species

(Morris et al., 2008). For example, Pseudomonas syringae is a bacterial species which

is well known for its ability to nucleate ice at high temperatures (Maki and Willoughby,

1978; Möhler et al., 2007).

Previous work has investigated the potential that the ice-nucleating ability of rust

spores may be attributable to ice-active bacteria associated with the spores, rather than

the spores themselves (Morris et al., 2013). Morris et al. (2013) collected urediniospores

of various rust species from infected plants that had been grown both in natural and

greenhouse environments. To test for the presence of ice-active bacteria on the fungal

spores, they made up cultures from the fungal suspension used for freezing analysis. This

technique allowed them to determine the number of culturable bacteria present on the

fungal spores. Still, it did not rule out any non-culturable ice-active bacteria that were

non-viable or fragmented but had maintained their ice-nucleating ability. However, they

were able to further confirm that ice-active bacteria were not contributing to the observed

ice-nucleating ability of the rust spores by showing that treatment with lysosome did

not reduce the observed ice-nucleating activity, which normally removes proteinaceous

ice-nucleating such as bacteria (Morris et al., 2013). The results of our analysis of LLS

spores indicate a possible difference in the origin of the ice-nucleating activity compared

to rust spores. We observed little to no ice-nucleating activity in our lab-grown samples,

but ice-nucleating activity was associated with the presence of bacteria in our leaf-washed

samples. This suggests that the LLS fungal spores themselves cannot nucleate ice, but

that the observed ice-nucleating ability was attributable to associated bacteria species.

This finding counters that of Morris et al. (2013) but may highlight a distinct difference

in the ice-nucleating ability of rust spores compared to fungal spores of LLS.
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Figure 4.15: Fraction frozen, fice(T ), curves as a function of temperature for LLS
spore suspensions extracted from oilseed rape leaves (1996 field sample) compared
with the bacteria isolated from the suspension.

4.3.3 Ice-Nucleating Activity of Agar

To better understand the potential contamination of the extraction process for our

LLS cultures, a set of handling blanks were investigated for their ice-nucleating ability.

The freezing activity of the solution extracted from the blank MEA plate was above that

of the pure water blanks and the other handling blanks (including filtering through the

miracloth), suggesting that the agar has a distinct ice-nucleating ability which is causing

contamination of our fungal suspensions after extraction from the MEA plates (Figure

4.12a). We also placed two of the blank MEA plates in a freezer overnight to clarify that

any increases in ice-nucleating activity we observed were from the LLS spores, not from

the agar itself. After exposure to subzero temperatures in the freezer, the blank MEA

plates were extracted and analysed for their ice-nucleating ability again. There was an

observable increase in the freezing temperatures of the MEA plate extraction solution

after exposure to subzero temperatures. The reason for this increase in freezing activity

remains unclear though.

It is possible, as was our hypothesis for fungal spores, that the exposure to cold stress

initiated the release of ice-nucleating macromolecules, triggering an increase in the ice-

nucleating ability of the agar itself. Previous work has shown that freezing can enhance
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Figure 4.16: Blank malt extract agar plate used to analyse contamination by agar
extraction process (a) before and (b) after freezing at −20 ◦C for 6 hours.

the ice-nucleating ability of certain biological samples, particularly for biological particles

below 0.45 µm in diameter (Beall et al., 2020). It is thought that the observed increase

in ice-nucleating activity after freezing of biological material could be a result of the

enhancements in solution concentration as solutes are rejected from ice crystals during

their growth (Butler, 2002; Beall et al., 2020). An increase in solute concentration is

likely to lead to an increase in the aggregation of macromolecules, which could create

more sites for ice nucleation to occur (Beall et al., 2020) (see Section 3). Furthermore,

Perkins et al. (2020) studied the ice-nucleating ability of fatty acids and fatty alcohols

in sea spray aerosols. They also found that after freezing, the ice-nucleating ability of

these substances increased (Perkins et al., 2020). They suggested that the reason for this

observed increase in ice-nucleating ability was due to the restructuring of the molecules

into more crystalline structures, which acted as better templates for ice formation (Perkins

et al., 2020). Furthermore, we noticed a change in the structure of the agar plate after being

frozen overnight (Figure 4.16). The rupturing of the agar after being frozen (as shown in

Figure 4.16b) could have led to the increased release of ice nuclei into suspension during

the extraction process, meaning that the overall ice-nucleating ability of the agar remains

the same, but the concentration of agar within the solution had increased. We were unable

to measure the concentration of agar released into the solution, so it remains unclear if

the observed increase in freezing activity was due to an increase in the concentration of

INPs or an increase in the ice-nucleating activity of the agar.

These results indicate that the agar itself can nucleate ice. Since agar is made up of

polysaccharides from the cell walls of red algae species, these findings suggest that these
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polysaccharides are IN. Marine algae and phytoplankton have been identified as sources of

ice-nucleating activity in SSAs (Knopf et al., 2011; Wolf et al., 2019). In particular, Wolf

et al. (2019) found that organic macromolecules such as polysaccharides were enriching

the sea surface microlayer and contributing most significantly to the observed increase

in ice-nucleating ability of SSAs. Therefore, polysaccharides from algae (which are also

found in agar) may be important ice nucleators. The agar used in this study also con-

tained other organic substances from malt extract, which is added as a source of energy

within the growth medium, meaning that other substances may be responsible for the

observed ice-nucleating activity. Interestingly, Fröhlich-Nowoisky et al. (2015) discuss the

use of malt extract agar in their fungal experiments, suggesting that they too observed

contamination of ice-nucleating activity when using MEA as the growth medium for their

fungal isolates. They observed that when they changed the growth medium from MEA

to dextrose-peptone-yeast extract (DPY) agar instead, the level of contamination in their

fungal isolates was reduced. This finding suggests that the observed ice-nucleating activ-

ity in our agar plates may be attributable to substances within the malt extract, rather

than the polysaccharides of algae present. However, since the agar is autoclaved at 115 ◦C

for sterilisation before use, it is unlikely that proteinaceous INPs are responsible for the

ice-nucleating activity seen in this study. Our results also have important implications

for future work with agar plate cultures. The ice-nucleating ability of agar could inter-

fere with observations of bacterial or fungal cultures when extracted from agar plates and

caution should be taken to reduce contamination from agar in ice-nucleating analysis of

these cultures.

4.4 Conclusions

This chapter investigated the ice-nucleating ability of fungal spores from YR and LLS,

fungal pathogens which infect wheat and oilseed rape crops, respectively. We found that

both of these spores have a small ice-nucleating ability which is very similar to the ice-

nucleating ability of other rust species such as wheat leaf rust. However, our lab-based

experiments with LLS suggested that the ice-nucleating ability of the LLS spores found

on the leaves of oilseed rape is likely to be attributable to bacteria also found on the leaves

and may not be attributable to the fungal spores themselves. We were also able to show

that the freezing behaviour of the YR fungal spores was distinctly different to the freezing

behaviour of Fusarium fungal species.
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We also examined the impact of freezing and storage length on the ice-nucleating ability

of these fungal spore samples. Our findings were in agreement with previous studies

which found that storage can lead to a decrease in ice-nucleating ability, particularly

at temperatures above −20 ◦C (Polen et al., 2016; Beall et al., 2020). However, we also

showed that this loss of ice-nucleating activity can be unpredictable, since the fungal spore

suspension we tested from 1996, which had been frozen for the last 27 years, still showed

a significant amount of freezing above −20 ◦C, suggesting that ice-nucleating activity is

not always lost during storage. This observed ice-nucleating activity may be a result of

freezing enhancing ice-nucleating activity, as seen in previous studies (Beall et al., 2020;

Perkins et al., 2020). Future work could investigate the impact of long-term storage and

viability on the ice-nucleating activity of fungal spores in more detail as this could have

implications for the distribution and monitoring of these INPs in the atmosphere.

Finally, we examined the ice-nucleating activity associated with blank MEA plates and

found the presence of ice-active material from the MEA itself was impacting our ability

to observe any ice-nucleating activity in our lab-grown LLS samples. This observation

suggested that either the agar itself or the associated malt extract has an ice-nucleating

activity which is released during the extraction of fungal spores from the MEA plate.

Future work could examine the impact of agar as a source of ice-nucleating contamination

when culturing fungus or other cultures in the lab and other extraction techniques may

need to be considered to reduce this impact in the future.
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C. E., Schmale III, D. G., Pöschl, U., and Fröhlich-Nowoisky, J. (2019). Macromolecular fungal ice

nuclei in Fusarium: effects of physical and chemical processing. Biogeosciences, 16(23):4647–4659.

Lacey, M. and West, J., editors (2006). The Air Spora. Springer, Boston, MA.

Lymperopoulou, D. S., Adams, R. I., and Lindow, S. E. (2016). Contribution of Vegetation to the Microbial

Composition of Nearby Outdoor Air. Applied and Environmental Microbiology, 82(13):3822–3833.

Macher, J., Chen, B., and Rao, C. (2008). Field Evaluation of a Personal, Bioaerosol Cyclone Sam-

pler. Journal of Occupational and Environmental Hygiene, 5(11):724–734. Publisher: Taylor & Francis

eprint: https://doi.org/10.1080/15459620802400159.

Maki, L. R. and Willoughby, K. J. (1978). Bacteria as Biogenic Sources of Freezing Nuclei. Journal of

Applied Meteorology and Climatology, 17(7):1049–1053. Publisher: American Meteorological Society

Section: Journal of Applied Meteorology and Climatology.

108



Morris, C. E., Sands, D. C., Glaux, C., Samsatly, J., Asaad, S., Moukahel, A. R., Gonçalves, F. L. T.,
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5 Characterisation of the size distribution of ice-nucleating

particles from fertile soils in the UK

5.1 Introduction

The size distribution of atmospheric aerosol evolves over time (see Section 1.2.4), mak-

ing the size-resolved ice-nucleating particle (INP) concentration important for understand-

ing cloud glaciation. For example, INPs larger than around 10 µm are less likely to impact

cloud glaciation (except in deep convective clouds), since larger particles have faster sed-

imentation rates (Feichter and Leisner, 2009). Similarly, INPs which are smaller than

0.01 µm rapidly grow by coagulation, a process which likely leads to the covering of ice-

active sites on the surface of particles, potentially reducing their ice-nucleating ability. In

addition, as discussed in Section 1.4, we know that biological components play a key role in

the ice-nucleating activity of agricultural soils (Conen et al., 2011; O’Sullivan et al., 2014,

2015; Augustin-Bauditz et al., 2016) but how these components are distributed through

agricultural soil dust is important to understand how the ice-nucleating activity of the soil

changes with transport in the atmosphere. However, only a few studies have investigated

the size distribution of INPs (DeMott et al., 2010; Mason et al., 2016; Reicher et al., 2019;

Porter et al., 2020).

In pure mineral dust aerosol, larger particles with larger surface areas, have a greater

number of ice-active sites at the surface (Si et al., 2018). Using INP observations over

14 years, DeMott et al. (2010) showed that atmospheric INP concentrations could be ex-

plained as the number concentration of aerosol particles larger than 0.5 µm. Similarly,

Reicher et al. (2019) studies INP concentrations from mineral dust sources in the Mediter-

ranean, concluding that supermicron particles (aerosol particles larger than 1 µm) con-

tributed the most to the observed ice-nucleating activity for mineral dust (Reicher et al.,

2019). However, the size distribution of INPs in agricultural soil dust aerosols has not

previously been investigated. Agricultural soils are complex and externally mixed with a

variety of ice-active biological compounds in addition to mineral dust particles (see Section

1.4). Therefore, the size distribution of INPs across soil dust aerosols will be dependent on

the type of biological material that dominates the ice-nucleating activity of these soils. If

whole bacteria cells or fungal spores are important for the ice-nucleating activity of agri-

cultural soil, then we would expect the majority of INPs to be within the large particle

size range, around 1 µm or greater. However, ice-active biogenic macromolecules, such as
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proteins, polysaccharides and compounds from the breakdown of plant material are known

to maintain their ice-nucleating activity even when separated from living cells (Cascajo-

Castresana et al., 2020; Bogler and Borduas-Dedekind, 2020; Steinke et al., 2020; Burkart

et al., 2021). So if these ice-nucleating macromolecules dominate the ice-nucleating ac-

tivity of agricultural soils, we would expect the size-segregated INP concentration to be

more evenly distributed across the soil dust aerosol as the macromolecules become spread

evenly across the dust and become associated with soil particles of all sizes.

In this chapter, we investigated the size distribution of ice-nucleating components

throughout aerosolised soil dust samples collected from agricultural fields west of Leeds.

We wanted to investigate the relative importance of submicron particles compared to

larger biological INPs such as bacteria, fungal spores and pollen. To further understand

the relative contribution of biogenic components at different size fractions compared to

mineral components, we also use heat treatments to see how exposure to heat impacted

the ice-nucleating activity of the filter suspensions.

5.2 Experimental

5.2.1 Sample Collection and Preparation

Soil samples were taken from two different agricultural fields at the University of Leeds

Research Farm on the 12th of October 2022 (Figure 5.1). The samples were taken from

adjacent fields, one at the top of a hill (herein referred to as the Upper Field sample) and

the other at the bottom of a hill (herein referred to as the Lower Field sample). Both fields

had been harvested before samples were taken, however, the Upper Field had contained

wheat crops and the Lower Field had contained potato crops before the harvesting took

place. At each sampling location, 50 mL polypropylene centrifuge tubes (Sarstedt Inc.)

were used to sample from the top 5 cm of soil and three different samples were taken

from slightly different locations to reduce bias from sampling in one location. Each soil

sample was taken a minimum of 1 m from the boundary of the field and each chosen field

consisted of bare soil with no crops present. Once collected, the soil samples were air-dried

in an oven on foil-lined baking trays at about 27 ◦C for at least 2 hours. Once visibly dry,

any large stones were removed. The dried soil samples were then aerosolised in an aerosol

chamber setup at the University of Leeds (Figure 5.2).
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Figure 5.1: The University of Leeds Research Farm (outlined in red) with the two
sampling locations from the 12th October 2022 labelled as Upper Field and Lower
Field. Image taken from Google Maps.

5.2.2 Aerosol Chamber Setup

The aerosol chamber setup included an aerosol chamber of about 1 m−3, similar to

the setup used in Ponsonby et al. (2024). A flow of compressed air was passed through

a charcoal filter (PN 12012, Carbon Capsule, Pall Life Sciences, UK) and a HEPA filter

(Whatman, UK) to produce a clean airflow for our experiments in the aerosol chamber.

The soil samples were injected into the aerosol chamber using two different aerosolisation

techniques (as described below in Section 5.2.2.1). Two different methods of aerosolisation

of the soil were used during this experiment, these are compared to observe the improved

Dust Tower technique (see Section 5.2.2.1). An Aerodynamic Particle Sizer (APS; TSI

Model 3321) was used to determine the size distribution of particles between 0.5 and 20 µm

and a Scanning Mobility Particle Sizer (SMPS; TSI Model 3938) was used to determine

the size distribution of smaller aerosol particles at the range of 1 to 1000 nm (described in

more detail in Section 5.2.2.2). A cascade impactor (Sioutas Personal Cascade Impactor,

SKC Ltd., UK) was also connected to the base of the aerosol chamber to collect a sample

of the aerosolised dust for offline INP analysis (as described in Section 5.2.2.3).

Handling blanks were performed before each chamber run experiment by running the

cleaned, compressed air through the aerosol chamber setup and analysing the filters in

the same way as described below to test for any contamination from the airflow or the
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Figure 5.2: Schematic of the aerosol chamber setup used in this experiment. This
shows the manual aerosolisation technique.

setup. Once the handling blank was complete, the sample was introduced into the aerosol

chamber setup, the aerosol was produced and samples were taken for between 1 to 2 hours

depending on the produced aerosol concentrations. After each sample run, the compressed

airflow was left on overnight to flush out any soil sample remaining in the chamber.

5.2.2.1 Aerosolisation Techniques

During this study, we used two different aerosolisation techniques. For each collected

sample, multiple runs were completed in the aerosol chamber to establish the variation in

the handling of the sample and investigate different aerosol loadings within the chamber.

We examined different aerosol loadings so we could examine more of the INP spectra and

examine how the aerosol loading impacted the observed ice-nucleating activity. The first

three aerosol chamber runs were completed using the Manual aerosolisation technique

(Table 3). This technique involved placing the dried soil sample in a cleaned chemical

bottle, which was manually agitated to generate an aerosol plume which was then passed

into the main aerosol chamber as compressed airflow was passed through the sample bottle

at a flow rate of 2.0 Lmin−1 (as shown in Figure 5.2). Although this technique allowed us

to generate soil dust within the aerosol chamber effectively, the manual agitation required

meant that we were not able to produce a consistent concentration of particles throughout

the length of the experiment.

The second technique was an automatic aerosolisation technique using a Dust Tower

(X78502, Grimm Aerosol Technik, Germany), a similar technique was used by Shi et al.
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Figure 5.3: Schematic of the Dust Tower setup used for three of the aerosol chamber
runs in this experiment.

(2011). For this setup, the clean, compressed airflow was injected into the bottom of the

Dust Tower at 20 Lmin−1 to create turbulent flow within the tower (Figure 5.3). The

dried soil sample was placed into a 15 mL centrifuge tube (352196, Falcon) which was

attached to an injector at the top of the Dust Tower. The aerosolisation of the sample was

completed by pulsing the compressed air through the sample injector at regular intervals

(between 4 and 8 seconds), which injected the dust into the tower, where it was mixed

with the turbulent air. The air was then drawn out of the Dust Tower and through into

the aerosol chamber, where the same sampling and size distribution monitoring could take

place as described below (Figure 5.2). As the air pulses through the aerosol injector, there

is a potential for the fragmentation of larger soil aggregates as they fall and collide with

other soil particles within the 15 mL Falcon tube. Therefore, this aerosolisation technique

is similar to the natural saltation process of natural, wind-blown dust. Other aerosolisation

techniques, including those used by Steinke et al. (2016), use a rotating brush to generate

dust aerosol inside the chamber. This rotating brush generator is specifically designed

to avoid breaking down aggregates within the soil, which is less representative of the

natural saltation process so produces aerosol which is less representative of natural soil

dust aerosol.
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Table 3: Summary of aerosol chamber runs, samples and aerosolisation method used.

Chamber Run Date Sample Aerosolisation Method Sample Length (mins)

Run 1 08/11/2022 Upper Field Manual 69.0
Run 2 11/01/2023 Lower Field Manual 72.2
Run 3 01/02/2023 Lower Field Manual 107.0
Run 4 24/01/2024 Upper Field Dust Tower 94.1
Run 5 29/01/2024 Lower Field Dust Tower 100.0
Run 6 30/01/2024 Upper Field Dust Tower 90.0

5.2.2.2 Size-Distribution Intrumentation

The APS determines the aerodynamic diameter of the aerosolised dust particles within

the chamber between 0.5 and 20 µm. As the particles enter the APS, they pass through

an accelerating orifice and the rate of acceleration between two laser beams is observed by

the instrument. The size of each particle will determine its rate of acceleration since larger

particles will accelerate much slower due to increased inertia. As they pass through the

lasers, scattered light is collected using an elliptical mirror and focused onto an avalanche

photodetector. Each particle creates a two-peak signal and the time-of-flight between

the two peaks is used to determine the size of the particle, with a longer time-of-flight

indicating a larger particle.

The SMPS determines the mobility diameter of the aerosolised dust particles between

1 and 1000 nm. The SMPS consists of three main parts; a neutraliser, a Differential

Mobility Analyser (DMA) and a Condensation Particle Counter (CPC). The neutraliser

uses a radioactive source to expose the sampled aerosols to an electrically neutral ion

cloud, allowing a steady-state charge distribution to be applied to the particles. This

standard charge distribution enables the size of the particles to be determined purely on

their electrical mobility. The DMA creates an electrical field by applying voltage to the

central rod, which allows the particles to be pulled towards the central column at different

rates depending on their electrical mobility. By selecting different voltage settings, the

DMA can select a range of different particle sizes based on their electrical mobilities.

Each scan of the SMPS spans across a voltage range to determine the concentration of

particles across a range of particle sizes and electrical mobilities. Since the DMA relies

on the assumption that the electrical mobility of the particle can be directly related to

its size, the charge of the particles needs to be controlled for the DMA to accurately sort

the particles. Once the particles have been size selected by the DMA, they are passed to

the CPC to determine the particle concentration. The particles are grown through the

condensation of butanol onto the particle surface, this allows the particles to grow large
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enough to be counted optically. Once grown, the particles are passed through a laser,

where they are counted based on the scattering of light.

5.2.2.3 Sample Collection

A cascade impactor was used to collect a size-resolved sample of the aerosolised dust

(Figure 5.4). The impactor contains four impactor stages (labelled A to D) which sort the

aerosol particles into four different size bins; > 2.5 µm (Stage A), 1.0-2.5 µm (Stage B), 0.5-

1.0 µm (Stage C) and 0.25-0.5 µm (Stage D). A battery-powered pump (Leyland Legacy

Pump, SKC Ltd., UK) was used to supply a flow rate of 9 L min-1 through the impactor

and 25 mm diameter filters with 0.05 µm pore size (Nuclepore track-etched membrane

polycarbonate filters, Whatman, UK) were used in each impactor stage to collect the

aerosol particles. For some of the aerosol chamber runs, an after filter was attached to the

bottom of the cascade impactor to collect the majority of the remaining particles (< 0.25

µm) using a filter holder containing a 45 mm diameter filter with 5 µm pore size (Nuclepore

track-etched membrane polycarbonate filters, Whatman, UK).

Figure 5.4: Illustration of the Sioutas Personal Cascade Impactor and an example of
one of the collector plates. (a) The four acceleration plates, A to D, are shown with collection
plates placed between them. Air is pumped through the inlet at a rate of 9 Lmin−1 and particles
above the cut-off size for each accelerator plate are deposited onto the associated collector plate.
(b) An example of a collector plate with a collected dust sample. Each collector plate consists of a
25 mm diameter filter, a plastic filter retainer and a nitrile O-ring to create an airtight seal.

117



5.2.3 Immersion Freezing Analysis

Droplet freezing experiments were carried out using the Microlitre Nucleation by Im-

mersed Particle Instrument (µL-NIPI), as described in Section 2.1.1. During these experi-

ments, we used the Grant-Asymptote EF600 for the droplet freezing analysis (see Section

2.1.1). The filters from each impactor stage were removed and placed in 30 mL tubes

(327150PP, SciLabware Ltd.), and then 3 mL of MilliQ water was added to wash the

aerosol from the filter into suspension with water. The filter suspensions were placed on

a vortex mixer for 10 minutes to ensure that all of the particles had been removed from

the filter surface, similar to the technique used in O’Sullivan et al. (2018).

For each impactor stage filter suspension, 1 µL droplets were pipetted onto a clean glass

slide which was placed onto the cold stage. As described in Section 2.2, the temperature

at which each droplet froze was used to determine the fraction of droplets frozen as a

function of temperature (fice(T )) for each impactor stage of each aerosol chamber run

(Eq. 11). The fice(T ) was then used to calculate the concentration of INPs per volume

of sampled air (NINP(T )) and the total number of ice-active sites per surface area of dust

(ns(T )) for each impactor stage (Equations 13 and 15).

To estimate the total collected aerosol surface area, As, the particle number concentra-

tions measured using the APS and SMPS instruments were used. To compare the results

of these two instruments and to accurately calculate the total surface area loading onto

each cascade impactor filter, the mobility-equivalent particle diameter (Dme) from the

SMPS and the aerodynamic particle diameter (Dae) from the APS, were converted into

volume-equivalent particle diameters (Dve) according to the following equations:

Dve =
1

χ
Dme (18)

Dve =

√
χρ0
ρ

Dae (19)

where χ is the dynamic shape factor, which accounts for non-spherical particle shapes

and is assumed to be equal to 1.3, a value typical for mineral dust (Möhler et al., 2008),

ρ is the particle density, which is assumed to be 2.6 g cm−3 (Möhler et al., 2008) and ρ0

is the unit density of 1 g cm−3. The number distributions calculated from the APS and

SMPS instruments were used to calculate the surface area distribution for each aerosol

chamber run (see Eq. 20). This surface area distribution was then used to determine the
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surface area on each impactor stage by integrating within the size bin of each impactor

stage. The total surface area on each impactor stage was then used to calculate the ns(T )

as described in Section 2.2 (Eq. 15).

As = πD2
ve (20)

5.2.4 Heat Treatment Experiments

Heat treatment experiments were carried out using the protocol described in Daily

et al. (2022). Aliquots of the impactor filter suspensions were transferred into 1.5 mL

centrifuge tubes (Safe-Lock, Eppendorf). The aliquots were suspended in a bath of water

which was heated to boiling and left to sit in the boiling water for 30 mins. The tubes

were tightly closed to prevent evaporation, which would lead to an increase in the solution

concentration. After heating, the aliquots were left to cool down fully before taking further

ice nucleation analysis to observe any changes in ice-nucleating activity resulting from the

heat treatment.

5.3 Results and Discussion

5.3.1 Freezing Temperatures and INP Concentrations

For each aerosol chamber run, we analysed the freezing activity of each impactor stage

(Figure 5.5). All of the freezing activity, except for the After Filter and Stage D in Upper

Field Run 1 (Figure 5.5a), were above the observed background freezing, indicating that

ice-active compounds are present in the aerosolised soil dust. For the After Filter and

Stage D in Upper Field Run 1, no compounds were present that were more ice-active than

the handling blanks, most likely due to low particle concentrations at these size ranges

(below 0.5 µm), meaning that we were unable to detect an increase in freezing activity on

these filters. The observed aerosol concentrations for Upper Filed Run 1 were the lowest

of all the aerosol chamber runs for this study (Table 4), with a surface area concentration

of 2.6 × 10−13 m2 cm−3 on Stage C. Therefore, the freezing data for the After Filter and

Stage D in Upper Field Run 1 was considered to be below the limit of detection for this

study and no ice-nucleating activity was detected, the data from these impactor stages

was not taken forward for further analysis.

A range in freezing was observed across the different aerosol chamber runs and impactor

stages, with the average freezing temperature (or T50, as described in Section 2.2) ranging
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Figure 5.5: Fraction frozen (fice(T )) as a function of temperature for the aerosolised
soil dust samples. (a) to (c) are the Upper Field sample and (d) to (f) are the Lower Field
sample.

Table 4: Overview of each aerosol chamber run, including the volume of air sampled
for each run and the surface area loading on each cascade impactor stage.

Chamber Run Sample Vol. (L)
Surface Area Concentration per stage (m2 cm−3)

A B C D

Upper Field Run 1 621.0 1.7× 10−11 1.0× 10−11 2.6× 10−13 n/a
Upper Field Run 2 847.0 3.6× 10−12 1.2× 10−11 6.5× 10−12 4.4× 10−12

Upper Field Run 3 801.0 2.9× 10−11 7.9× 10−11 3.5× 10−11 1.6× 10−11

Lower Field Run 1 649.9 6.5× 10−11 8.4× 10−11 3.2× 10−12 n/a
Lower Field Run 2 965.8 8× 10−10 4.0× 10−10 3.8× 10−12 n/a
Lower Field Run 3 901.1 3.4× 10−11 1.9× 10−10 7.7× 10−11 3.0× 10−11

from −23.4 ◦C to −11.7 ◦C (Figure 5.5). This observed range in freezing temperatures was

expected due to variations in the aerosol loading on the impactor stages due to different

aerosol concentrations in the chamber and the size distribution of the aerosol particles

(Table 4). For example, impactor Stage A in Lower Field Run 2 collected the highest

surface area concentration at 8×10−10, and also observed the highest freezing temperatures

with a T50 of −11.7 ◦C. Additionally, higher freezing temperatures were observed for

the impactor stages A and B, particles in the size range above 1.0 µm, compared to

the impactor stages C and D, which contain particles between 0.25 and 1.0 µm. This

observation shows that there is more ice-active material present in the particles larger

than 1.0 µm, where the larger surface area loadings were also observed (see Table 4). To
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Figure 5.6: Concentration of INPs per volume of sampled air (NINP(T )) as a function
of temperature for the aerosolised soil dust samples. (a) to (c) are the Upper Field sample
and (d) to (f) are the Lower Field sample.

further understand the relative ice-nucleating activity per surface area, further analysis

was required.

We used the volume of air sampled to calculate the concentration of INPs as a function

of temperature (NINP(T )) for each impactor stage (Figure 5.6). The NINP(T ) values for

the larger impactor stages (Stages A and B) are up to an order of magnitude greater than

the smaller size bins (Stages C and D and the After Filter) for four out of the six aerosol

chamber runs. This observation shows that there is a greater proportion of ice-active

material (per litre of sampled air) for particles larger than 1.0 µm, which is again due to

a greater aerosol loading per surface area on these impactor stages (Table 4). Where the

NINP(T ) of Stage C is greater than that of Stage A (for Upper Field Run 2 and Lower

Field Run 3), the surface area loading for Stage C is also greater than Stage A (Table

4). This further demonstrates the need to normalise by the surface area loading on each

impactor stage to compare the ice-nucleating activity across the different size bins.

5.3.2 Aerosol Size Distributions

The first three aerosol chamber runs, Upper Field Run 1 and Lower Field Run 1 and 2,

were done using the manual aerosolisation technique (Section 5.2.2.1). During these runs,
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Figure 5.7: Surface area size distribution (dS/dlogDp) of soil dust from the Upper
Field sample, as shown for the three different aerosol chamber runs. The shaded regions show the
adjusted volume equivalent diameter size bins for the four stages of the cascade impactor calculated
using Equation 19

the neutraliser for the SMPS was not functioning, meaning that there was no standard

charge applied to the aerosols. Therefore, the size segregation completed by the DMA

was unreliable since it was unable to assume a standard charge across the particles. The

other three aerosol chamber runs, Upper Field Run 2 and 3 and Lower Field Run 3, were

done using the Dust Tower aerosolisation technique (Section 5.2.2.1). During these runs,

the neutraliser was fully functioning, so the SMPS data was considered during the data

analysis for these three runs but not for Upper Field Run 1 and Lower Field Run 1 and

2. The overlap between the two aerosol sizers was placed within the size range for Stage

C (as shown in Figures 5.7 and 5.8). To derive the surface area loading for Stage C of

each aerosol chamber run, the last few size bins from the APS were discarded and the

surface area was taken from the SMPS data instead. The SMPS data was favoured at

this overlap because the accuracy of detection for the lowest size bins of the APS drops

significantly meaning that the APS tends to underestimate particle concentrations below

about 0.8 µm.

The surface area size distributions of the different aerosol chamber runs were examined

to identify the concentration of particles within each size bin of the cascade impactor

(Figures 5.7 and 5.8). By examining the size distributions within the aerosol chamber, we
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Figure 5.8: Surface are size distribution (dS/dlogDp) of soil dust from the Lower
Field sample, as shown for the three different aerosol chamber runs. The shaded regions show the
adjusted volume equivalent diameter size bins for the four stages of the cascade impactor calculated
using Equation 19.

were able to determine the difference in the aerosol loadings for all six chamber runs and

the Upper and Lower Fields. For example, for the Upper Field soil sample, we completed

three aerosol chamber runs, Upper Field Run 1 was achieved using the manual aerosol

technique and Upper Field Runs 2 and 3 were done using the Dust Tower (Figure 5.7). A

distinct shift in the mode diameter of the surface area concentration from around 2.5 µm

to around 1 µm was observed between the manual aerosolisation technique and the Dust

Tower for both the Upper Field and Lower Field samples (Figures 5.7 and 5.8). This

observed shift in peak surface area concentration indicates that the Dust Tower technique

leads to more fragmentation of aggregates within the soil compared to the manual bottle

method. The pulse of air used in the Dust Tower method may create a higher input of

energy which breaks down more aggregates leading to the production of more, smaller

particles in the produced soil dust (Shao, 2001; Kok, 2011).

5.3.3 Ice-Active Site Density

The above surface area size distributions were used to calculate the ice-active site

density per surface area (ns) for each impactor stage of each aerosol chamber run, as

described above in Section 5.2.3 (Figure 5.9). This normalisation was performed so that

123



Figure 5.9: Ice-active site density per surface area (ns) as a function of temperature
for the aerosolised soil dust samples. (a) to (c) are the Upper Field sample and (d) to (f)
are the Lower Field sample.

the differences in aerosol loading on each cascade impactor stage could be accounted for to

determine the ice-nucleating activity within each size range examined. As anticipated, the

differences in the surface area concentration collected on each impactor stage accounted for

the observed differences in the droplet freezing temperatures. This observation indicates

that the ice-active material is distributed evenly through the soil dust.

The ns for impactor Stage C in Upper Field Run 1 and Lower Field Runs 1 and 2 were

calculated using the surface area from the APS only since the SMPS data from these runs

was unreliable. The size range for Stage C of the cascade impactor falls at the lower end of

the range of sizes covered by the APS instrument, therefore the limit of detection for these

lowest bin sizes is much lower than the rest of the size ranges for the APS. Therefore, the

surface area collected onto Stage C was likely underestimated for these aerosol chamber

runs, resulting in an overestimation of the ns, so we decided to remove these runs from

any further analysis. Additionally, the filter holder used for the After Filter runs was

suspected to leak, meaning that the After Filter was subject to contamination from the

lab air, also leading to an overestimation of the ns. Therefore, the After Filter runs were

also removed from all future analysis.

The ns values from the Upper Field sample were compared with that of the Lower

124



Figure 5.10: Ice-active site density per surface area (ns) as a function of temperature
for the Upper Field and Lower Field soil samples.

Field sample (Figure 5.10). Once normalised by surface area, the Upper and Lower Field

samples aligned as a function of temperature to within 1 ◦C. Therefore, the observed range

in fice(T ) between the Upper and Lower Field samples can be explained by differences

in aerosol loadings within the aerosol chamber runs. Higher aerosol concentrations were

achieved during the Lower Field runs, meaning more of the INP spectra could be analysed.

It is commonly accepted that aerosol particles larger than 1 micron (supermicron

particles) dominate the ice-nucleating activity of dust aerosols, particularly in mineral

dust (DeMott et al., 2010; Mason et al., 2016; Reicher et al., 2019). For example, Reicher

et al. (2019) sampled a variety of dust events in the Mediterranean to determine the

size-resolved INP concentrations of mineral dust emissions. They found that supermicron

particles had higher INP concentrations and ns values compared to submicron particles,

suggesting that supermicron particles dominate the ice-nucleating activity in mineral dust

(Reicher et al., 2019). Although other studies have examined the ice-nucleating activity of

agricultural soil dust, the size-resolved INP concentrations of soil dust have not previously

been examined. Here, we were able to show that the ice-nucleating ability of soil dust

is evenly distributed across its size distribution and that supermicron particles do not

dominate ice nucleation in these aerosols. As shown in the previous chapters of this thesis

(Sections 3 and 4), biological material plays an important role in the ice-nucleating ability
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Figure 5.11: Ice-active site density per surface area (ns) as a function of temperature
for each aerosol chamber run for all of the analysed soil samples. For comparison, ns

values from O’Sullivan et al. (2014), Tobo et al. (2014), Steinke et al. (2016) and Steinke et al.
(2020).

of agricultural soil dust. Therefore, the results of this chapter indicate that the biological

material associated with the ice-nucleating activity of soil dust can adhere to soil particles

of any size and that the size range of the ice-nucleating activity is not dependent on the

size range of the material itself. This finding is supported by work from O’Sullivan et al.

(2016), which showed that ice-active proteins adsorb onto clay particles effectively whilst

maintaining their ice-nucleating activity, effectively passing their ice-nucleating activity to

the mineral particles. Therefore, these observations suggest that biological nanoparticles

with high ice-nucleating activity are distributed across the size ranges and are responsible

for the overall ice-nucleating ability of agricultural soils. The observations also suggest that

the ice-nucleating activity of agricultural soils is not attributable to material of specific

size ranges, such as whole bacteria cells or bacterial fragments.

The ns values from this study were compared to those of previous studies that also

examined the ice-nucleating activity of agricultural soils (Figure 5.11). In general, the

observed ns values from this study fit well with the ns parameterisation as derived from

Tobo et al. (2014) but up to an order of magnitude lower than the parameterisation derived

by Steinke et al. (2016). The ns values aligned well with ns values measured by O’Sullivan

et al. (2016) and Steinke et al. (2020). The samples from O’Sullivan et al. (2014) were
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Figure 5.12: Comparison between ice-active site density per surface area (ns) as a
function of temperature for this study with parameterisations of ns from the literature.
Including comparisons with O’Sullivan et al. (2014), Steinke et al. (2016) and parameterisations
for 1% and 20% K-feldspar from Harrison et al. (2019)

also collected from agricultural fields in the UK, therefore the consistency between the

results shown in this chapter and the results from O’Sullivan et al. (2014) indicate that

the ice-nucleating activity of agricultural soils remains consistent on local regional scales.

On the other hand, the samples from Steinke et al. (2020) were collected from agricultural

fields in Germany, so this further confirms the consistency of the ice-nucleating activity

of agricultural soils on wider regional scales. However, more work would be required to

determine the consistency of the ice-nucleating activity of these soils more closely. In

addition, both the findings observed in this chapter and the findings from agricultural

soils samples in Steinke et al. (2020) show a biological hump in ns at around −7 ◦C.

While biological materials are more highly ice-nucleating, mineral dust is prevalent

at much higher atmospheric loadings, meaning that the ice-nucleating activity is often

dominated by mineral dust aerosol. So, to better understand the relative contribution

of mineral dust compared to biological material as ice-nucleating material within our soil

samples, we also compared our measured ns values with parameterisations for the ns of

mineral dust where 1% or 20% of the mineral surface area is made of K-feldspar, as

characterised by Harrison et al. (2019) (Figure 5.12). We can see that the 20% K-felspar

parameterisation suggests that K-feldspar is contributing to the ice-nucleating activity of
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our soil dust at temperatures below −18 ◦C. However, a large fraction of the observed

ice-nucleating activity, especially at warmer freezing temperatures, is much greater than

that of 20% K-feldspar aerosol, indicating that the ice-nucleating activity of agricultural

soils is not attributable to mineral dust particles above −18 ◦C, further indicating the

potential contribution from biological nanoparticles.

5.3.4 Heat Sensitivity

Heat tests were performed on a representative chamber run from each of the sampled

locations (Upper Field Run 1 and Lower Field Run 2), to identify heat-liable biological

material within the aerosolised soil dust samples, as previously examined by Hill et al.

(2016) and O’Sullivan et al. (2018). For Upper Field Run 1, NINP(T ) increases by up to

4.3 × 10−4 L−1 after heating Stage A and decreases by up to 4 × 10−4 L−1 after heating

for Stage B (Figure 5.13). For Lower Field Run 2, NINP(T ) decreases by up to an order of

magnitude after heating for freezing temperatures above −10 ◦C. Below −10 ◦C, the heat

treatment increased the observed NINP(T ) by up to 7.5× 10−3 L−1.

As discussed in Section 1.3, if heat-sensitive biological material was present in our

aerosolised soil dust, we would have expected to observe a decrease in the ice-nucleating

activity. This is usually because proteinaceous ice-active substances become denatured

when heated, resulting in a loss of their ice-nucleating ability (Daily et al., 2022). If

heat-stable organics or mineral dust is present in our agricultural soils, we would expect

heating to have no effect on the ice-nucleating ability of the soils (O’Sullivan et al., 2014;

Suski et al., 2018). The observed increase in NINP(T ) after exposure to heat treatments

in this study is unusual but has been observed before, by McCluskey et al. (2018) and

in Section 3 of this thesis. Increases in freezing activity after heating is likely due to

the breakdown of biological macromolecular aggregates, leading to the redistribution of

the macromolecules and the exposure of ice-active sites. McCluskey et al. (2018) also

hypothesised that heat treatments led to the breakdown of cell walls, which results in the

release of ice-nucleating macromolecules into solution and an increase in ice-nucleating

activity. The release of biological macromolecules into solution as a result of the heating

experiments could explain the increase in INP concentrations observed in this study.
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Figure 5.13: Concentration of INPs per volume of sampled air (NINP(T )) as a function
of temperature before and after heating for two of the aerosol chamber runs. (a) is
Upper Field Run 1 and (b) is Lower Field Run 2.
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5.4 Conclusions

This chapter investigated the size-segregated ice-nucleating activity within agricultural

soil samples from two different agricultural fields west of Leeds in the UK. The ice-active

site density per surface area was uniformly distributed across the analysed size ranges; 0.25-

0.5 µm (Stage D), 0.5-1.0 µm (Stage C), 1.0-2.5 µm (Stage B) and > 2.5 µm (Stage A).

After heating the aerosolised soil samples, an increase in INP concentration was observed.

These observations are consistent with biological macromolecules which become associated

with soil particles, influencing their ice-nucleating activity. Our results align well with

previous literature, indicating that the ice-nucleating activity of different agricultural soils

remains consistent across different mid-latitude locations.

Heat tests confirmed the presence of heat-sensitive INPs within the analysed samples,

indicating that at least some of the observed ice-nucleating activity was likely attributable

to heat-sensitive biological components. We also observed some increases in freezing ac-

tivity after exposure to heat. This also indicates the presence of biological macromolecules

since the increase in freezing activity was likely due to the breakdown of aggregates or cell

walls, leading to the release of ice-active sites for nucleation.
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6 Conclusions

In this thesis, agricultural sources of INPs were investigated and characterised, with a

focus on agricultural soils and fungal crop pathogens. The overall goal of this thesis was

to determine the extent to which agriculture influences INP populations on both regional

and global scales. A range of measurements and analysis techniques were used to address

the gaps in our understanding of these agricultural INP sources and their potential impact

on cloud microphysical properties. We started by examining the ice-nucleating activity

of the submicron entities within agricultural soil samples. Then we investigated the ice-

nucleating activity of two common fungal crop pathogens that were collected from the

field and grown in the lab. Finally, we analysed the size-resolved concentrations of INPs

in agricultural soil samples, aiming to understand how ice-active material was distributed

across different particle sizes in agricultural soil dust.

6.1 Summary of Findings

6.1.1 Ice-Nucleating Macromolecules in Agricultural Soils

In Chapter 3, we investigated the contribution of surfactant macromolecules to the ice-

nucleating activity of soil extracts and their subcomponents. Soil samples were collected

from three different agricultural locations in the UK and Canada; the University of British

Columbia Farm in Canada, the University of Leeds Farm in the UK and Rothamsted

Research in Harpenden, UK. The submicron entities within each soil sample were extracted

by filtering the soil solutions to 0.22 µm to analyse their ice-nucleating ability and surface

activity. Two examples of common soil subcomponents, lignin and Snomax, were also

analysed for their ice-nucleating and surface activities to compare to the extracted soil

solutions.

The ice nucleation analysis of the extracted soil samples revealed a large variation in

ice-nucleating activity across different sample locations which could not be explained by

different levels of dissolved organic carbon or mass of material in the soil solutions. Simi-

lar studies have also shown a large variation in the ice-nucleating activity of agricultural

soil from different locations without being able to link the observed variation to organic

content or the presence of ice-active bacteria (Garcia et al., 2012; O’Sullivan et al., 2014).

This study also aimed to investigate the relationship between surface and ice-nucleating

abilities within extracted organic solutions. There was little to no reduction in surface
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tension measurements observed from the soil extract solutions (relative to pure water),

indicating that the concentration of surfactants in the extract solutions was insignificant.

Therefore, we concluded that the observed range in freezing activity between the differ-

ent soil samples would also not be explained by differences in surfactant concentrations

within the solutions. For the soil subcomponents analysed during this study, there was an

observed reduction in surface tension relative to pure water, indicating the presence of sur-

factant macromolecules. There was also an observed correlating increase in ice-nucleating

activity with increasing surfactant concentrations, although other components within the

solutions would also have been increasing in concentration so we were unable to determine

that it was the surfactants themselves acting as ice-nucleating macromolecules within these

subcomponent solutions. Further work is needed to further unpick the complexity of the

ice-nucleating activity of agricultural soils.

Our results also suggested that aggregation may play a role in the ice-nucleating abil-

ity of agricultural soils. For example, the ice-active mass density (nm) of the Rothamsted

did not align as a function of temperature indicating that possible aggregation of macro-

molecules at higher concentrations was blocking nucleation sites. We also observed a slight

increase in ice-nucleating activity after heat treatment for our UoL sample, which indi-

cates that aggregates are dissolving and releasing ice-active sites into the solution. This

aggregation, however, was not linked to the saturation of surfactants at the surface and the

formation of micelles. Our findings also suggest that other, non-aggregating substances

may be controlling the ice-nucleating ability of agricultural soils. To better understand if

the formation of aggregates within soil extract solutions aids in their ability to nucleate ice,

or hinders it, future work could investigate aggregates of organic macromolecules in more

detail to determine what aggregate formations may be ideal to template ice formation.

We also examined the effect of filtration on the ice-nucleating activity of Snomax solu-

tions. Our results show that filtering the Snomax solutions to 0.22 µm did not significantly

reduce the observed ice-nucleating activity of the solutions. It was previously understood

that the ice-active proteins responsible for the observed ice-nucleating activity of certain

bacteria species (particularly P. syringae, the species found in Snomax) need to aggregate

onto the surface of intact cells or cell fragments to maintain their ice-nucleating activity.

Therefore, some previous studies have used filtration to assume the removal of bacte-

rial ice-nucleating proteins so that other ice-nucleating materials can be examined (Maki

et al., 1974; Felgitsch et al., 2018; Ickes et al., 2020). Our findings suggest that filtration
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to 0.22 µm may not remove all ice-nucleating activity from bacterial proteins and therefore

suggest that other techniques are required to remove the activity from bacterial proteins

in field samples fully.

6.1.2 Fungal Crop Pathogens as Ice-Nucleating Particles

Chapter 4 investigated the ice-nucleating ability of two different species of fungal crop

pathogen commonly found in agricultural fields in the UK. The ice-nucleating activity of

the fungal spores of P. striiformis, which causes Yellow Rust (YR) infection on wheat

crops, and P. brassicae, which causes Light Leaf Spot (LLS) infections on oilseed rape

crops, were examined. Both the fungal spores of YR and the fungal spores of LLS have

a small ice-nucleating ability which is very similar to the ice-nucleating ability of other

rust species such as wheat leaf rust. This is a potentially important finding, especially

because future climate warming will likely increase the presence of these fungal pathogens

and soils may act as a reservoir for these INPs, creating a potentially significant source of

INPs into the atmosphere.

However, lab-based experiments with LLS suggested that the ice-nucleating ability of

the LLS spores found on the leaves of oilseed rape is attributable to bacteria also found in

the leaves and may not be attributable to the fungal spores themselves. The normalised

ice-active mass site density (nm) of the YR spores was also compared with the nm of

Fusarium fungal material, showing that the freezing behaviour of Fusarium is distinctly

different to that of YR spores. This observation indicates that the mechanism for ice

nucleation in YR fungal spores is different from that of Fusarium fungal species, which

have been shown to be proteinaceous.

The impact of freezing and storage length on the ice-nucleating ability of these fungal

spore samples was also examined. Our findings were in agreement with previous studies

which found that storage can lead to a decrease in ice-nucleating ability, particularly

at temperatures above −20 ◦C (Polen et al., 2016; Beall et al., 2020). However, we also

showed that this loss of ice-nucleating activity can be unpredictable, since the fungal spore

suspension we tested from 1996, which had been frozen for the last 27 years, still showed

a significant amount of freezing above −20 ◦C, suggesting that ice-nucleating activity is

not always lost during storage. This observed ice-nucleating activity may be a result of

freezing enhancing ice-nucleating activity, as seen in previous studies (Beall et al., 2020;

Perkins et al., 2020). Similarly, we observed an increase in ice-nucleating activity in the
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agar plate extract solutions after freezing. This observed increase in ice-nucleating activity

after freezing could indicate a mechanism by which ice-active molecules are released upon

freezing, but further work would be required to better quantify this. The observed ice-

nucleating activity of agar also indicated the potential for contamination from agar when

culturing fungus (or potentially other species) in the lab. Other extraction techniques

should be considered to reduce this contamination in the future.

6.1.3 Distribution of Ice-Nucleating Activity in Agricultural Soil Dust

Chapter 5 analysed the size-resolved INP concentrations across aerosolised agricultural

soil dust samples from the University of Leeds Research Farm. When normalised by the

total surface area on each cascade impactor, the ice-nucleating activity was uniformly

distributed throughout the analysed size ranges across the aerosolised soil dust. These

observations suggest that submicron particles may contribute more significantly to INP

populations compared to pure mineral dust or other ambient dust aerosols (DeMott et al.,

2010; Mason et al., 2016; Reicher et al., 2019). The nature of ice nucleation in agricultural

soils is attributable to biological material within the soil, therefore, these findings indicate

that this biological material is evenly distributed across the soil dust particle sizes and is

most likely associated with macromolecules.

Heat tests confirmed the presence of heat-sensitive INPs within the analysed samples,

indicating that at least some of the observed ice-nucleating activity was likely attributable

to heat-sensitive biological components. We also observed some increases in freezing ac-

tivity after exposure to heat. This also indicates the presence of biological macromolecules

since the increase in freezing activity was likely due to the breakdown of aggregates or cell

walls, leading to the release of ice-active sites for nucleation.

6.2 Limitations

The main limitation of the work presented in Chapter 3 was the transportation of the

soil samples which were collected in the UK. The soil samples which were collected at

the University of Leeds Farm and Rothamsted Research Farm were shipped frozen to the

University of British Columbia so that the same analysis could be applied to all three soil

samples. However, this meant that the UK soil samples were frozen and stored for up

to five months before any analysis took place. As highlighted in Chapter 4 of this thesis,

freezing and storage of biological INPs may impact their ice-nucleating potential. Since we
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were unable to control the freezing and length of storage of the soil samples in this study,

we cannot rule out the possibility that these factors significantly impacted the observed

ice-nucleating activities.

In addition, the number and variety of soil samples were important limitations for both

Chapter 3 and Chapter 5 of this thesis. Since we were only able to collect soil samples from

three agricultural locations, we cannot confirm whether these samples are representative

of mid-latitude agricultural locations. Many different factors may impact the content of

the collected sample and their ability to nucleate ice, such as the type of soil, the crops

grown, the fertilisers used and the weather conditions. For these reasons, the ice-nucleating

activity of these agricultural soils likely changes with the season. Therefore, examining

the seasonality of the ice-nucleating activity of these soils may be worthwhile.

6.3 Future Work

The thesis has furthered the knowledge and understanding of agricultural sources of

INPs in the atmosphere but has also highlighted some key questions that remain unan-

swered. The work in this thesis has emphasised the complexity of the ice-nucleating

activity of these fertile soils and our need to unpick this complexity to understand better

why some agricultural soils nucleate ice more efficiently than others. Chapter 3 suggested

that aggregation of macromolecules may play a role in the ice-nucleating activity of agri-

cultural soils, but further work would be needed to understand the relative importance

of aggregating macromolecules better. We know that aggregation is important when it

comes to the ice-nucleating activity of ice-active proteins, such as those derived from bac-

teria (Qiu et al., 2019; Hartmann et al., 2022; Lukas et al., 2020), but few studies have

investigated the aggregation of other ice-nucleating substances, which may also be impor-

tant (Dreischmeier et al., 2017). In addition, surfactants have a higher impact on surface

tension in small, more cloud-relevant droplet sizes (Bzdek et al., 2020), therefore, the rela-

tive importance of surfactant macromolecules to the ice-nucleating activity of agricultural

soils may be greater for pico-litre sized droplets. I propose that a future study would

investigate surfactant macromolecules and aggregation more closely to examine how the

formation of aggregates impacts the ice-nucleating activity of different substances. One

way to achieve this would be to use similar techniques to those used by Bzdek et al.

(2020), which would mean implementing holographic optical tweezers to optically trap

cloud-relevant sized droplets, then using different lab techniques to analyse the structure
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of aggregates forming in the droplet and to measure the surface tension reductions. If

possible, we could then freeze the droplets and observe the impact of these aggregates on

the ice-nucleating activity of the solution.

The work in Chapter 4 highlighted the potential of agar growth medium used to grow

fungi and bacteria in the lab. I propose future work would investigate this potential source

of contamination and the ice-nucleating activity of red algae, which is the main component

of most agar. Agar itself consists of polysaccharides derived from the cell walls of red algae.

I hypothesise that it is these polysaccharides which are responsible for the ice-nucleating

activity of the agar blanks, which would be in agreement with work completed by Fröhlich-

Nowoisky et al. (2015), who discussed using agarose as a substitute to standard agar due

to the presence of ice-nucleating activity found in agar. However, agar also consists of

other components, which act as food for whatever is being grown in the agar plates. For

example, in Chapter 4, the agar used also contained malt extract as an energy source

for the growth of P. brassicae on the agar plate. Since malt extract is also made up of

polysaccharides, it may also be a source of ice-nucleating contamination, which would

again agree with Fröhlich-Nowoisky et al. (2015), who also found ice-nucleating activity in

MEA. Some previous studies extracted the fungal spores using a flow cell, which aerosolises

the spores and deposits them by impacting them straight onto a filter or a hydrophobic

slide (Iannone et al., 2011; Haga et al., 2013). This extraction technique may reduce

the ice-nucleating contamination from the agar compared to the extraction techniques

described in Chapter 4. I propose that further work would investigate different types of

agar growth mediums and different extraction techniques to understand the level of ice-

nucleating contamination from each and how this may impact future lab-based studies

of fungal and bacterial INPs. Working with known quantities of agar would allow us to

identify the normalised ice-nucleating activity of the agar and to determine if the observed

increase in freezing temperatures after exposure to cold stress was due to an increase

in ice-nucleating activity or the release of ice-nucleating material. Additionally, it may

highlight other potential sources of INPs and the nature of these INPs. If the agar itself

is ice-nucleating active, this shows that the polysaccharides of red algae are ice-active.

Future increases in algae blooms due to oceanic warming may create a significant source

of atmospheric INP.

In Chapter 4, it was also demonstrated that YR and LLS fungal spores had a different

ice-nucleating activity compared to species such as Fusarium, which are proteinaceous.
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This observation suggests that there is another substance which is attributable to the

ice-nucleating activity of these fungal species. We hypothesise that this ice-active sub-

stance could originate from the mucilage which is excreted at the surface of fungal spores.

Previous work has attributed the ice-nucleating ability of pollen grains to polysaccharide

macromolecules found at the surface of pollen grains (Augustin et al., 2013; Dreischmeier

et al., 2017). Since polysaccharides are secreted as part of the mucilaginous material at the

surface of fungal spores, they may also be responsible for the observed ice-nucleating ac-

tivity of YR and LLS spores. However, other substances, such as glycoproteins and amino

acids are also released within the mucilaginous material of fungal spores, meaning that

the observed ice-nucleating activity could be attributable to some other substance present

at the surface of the spores. I propose that future work could attempt to identify the

ice-active material responsible for the ice-nucleating activity of these fungal species using

spectroscopy techniques such as those demonstrated in Dreischmeier et al. (2017). This

would allow the identification of compounds present on the surface of fungal spores, but

would not identify which compounds are responsible for the observed freezing behaviour. I

would propose that these experiments be coupled with a bottom-up approach, such as the

approach used in Chapter 3, to examine pure suspensions of these compounds and analyse

their ice-nucleating abilities in comparison with the fungal spore suspensions. Identifying

the substance responsible for the observed ice-nucleating activity in these fungal species

would allow better predictions of the ice-nucleating activities and how the changing climate

may impact this ice-nucleating activity in the future.

Chapter 5 investigated the distribution of ice-nucleating material throughout aerosolis-

ed soil samples collected from the University of Leeds Farm. To further the conclusions

of this study, I propose that future work would use the same Dust Tower aerosolisation

technique to investigate a wider variety of agricultural soil samples, from various regions

associated with different crop types, and test whether the conclusions hold across soils

from different locations. Future work could also analyse different mineral dust aerosols

using the same technique. Previous work, such as Reicher et al. (2019) and Mason et al.

(2016), analysed the size distribution of ambient dust events; however, the aerosol chamber

technique demonstrated in Chapter 5 allows for more controlled investigations of the size-

segregated INP concentrations of various mineral dust aerosols. Using this technique to

analyse dust samples collected in a variety of locations, including major dust sources,

could provide significant insight into the ice-nucleating ability of different dust aerosols
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and their impact on cloud glaciation.

A key finding in this thesis was the wide range of freezing activities observed across

different samples of agricultural soils. Previous work has also shown a wide range in

ice-nucleating activity across different soil samples which has not been explained by differ-

ences in organic matter content or the presence of ice-active proteins (Conen et al., 2011;

Garcia et al., 2012; O’Sullivan et al., 2014; Steinke et al., 2016). I propose a more complex

intercomparison study to better understand the similarities and differences in the compo-

sition and ice-nucleating activity of different agricultural soils. For example, this thesis

highlighted the potential importance of ice-active proteins to the ice-nucleating activity

of agricultural soils (Chapter 3), however, we were unable to confirm whether bacterial or

fungal proteins may be contributing more to this ice-nucleating activity. Furthermore, we

investigated the ice-nucleating activity of two fungal pathogens in Chapter 4 and found

that their ice-nucleating activity per spore was greater than that of mineral dust. We

also found that the ice-nucleating activity of these spores is fairly stable over time and

despite the viability of the spores themselves, indicating that if these spores are present in

agricultural soils, they could accumulate over time, building their relative contribution to

the soil’s ice-nucleating activity. So, a complex study would also investigate the relative

contribution of fungal spores to the ice-nucleating activity of agricultural soils. Finally, in

Chapter 5, we found that the ice-nucleating ability of agricultural soil is evenly distributed

across the size range of the aerosolised dust. By investigating a wide range of samples,

I would hope that we could identify what causes this even distribution of ice-nucleating

activity and whether this activity is attributable to one type of substance found across

the size distribution of the dust.
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A Tensiometer Setup

Figure A.1: Average surface tension measurement of MilliQ water droplet measured
every 30 seconds over 5 minutes. The error bars represent the standard deviation of three
different experiments
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Figure A.2: Surface tension measurement of MilliQ water droplet with changing tem-
perature. Compared against literature data from Gittens (1969) and Young and Harkins (1928).
Credit to Nicole Link.
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