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ABSTRACT 
 

Connecting Water Quality With Air Quality Through Microbial Aerosols 
 

M. Elias Dueker 
 

Aerosol production from surface waters results in the transfer of aquatic materials 

(including nutrients and bacteria) to air. These materials can then be transported by onshore 

winds to land, representing a biogeochemical connection between aquatic and terrestrial systems 

not normally considered. In urban waterfront environments, this transfer could result in 

emissions of pathogenic bacteria from contaminated waters. Despite the potential importance of 

this link, sources, near-shore deposition, identity and viability of microbial aerosols are largely 

uncharacterized. This dissertation focuses on the environmental and biological mechanisms that 

define this water-air connection, as a means to build our understanding of the biogeochemical, 

biogeographical, and public health implications of the transfer of surface water materials to the 

near-shore environment in both urban and non-urban environments.  

The effects of tidal height, wind speed and fog on coastal aerosols and microbial content 

were first quantified on a non-urban coast of Maine, USA. Culture-based, culture-independent, 

and molecular methods were used to simultaneously sample microbial aerosols while monitoring 

meteorological parameters. Aerosols at this site displayed clear marine influence and high 

concentrations of ecologically-relevant nutrients. Coarse aerosol concentrations significantly 

increased with tidal height, onshore wind speed, and fog presence. Tidal height and fog presence 

did not significantly influence total microbial aerosol concentrations, but did have a significant 

effect on culturable microbial aerosol fallout. Molecular analyses of the microbes settling out of 

near-shore aerosols provided further evidence of local ocean to terrestrial transport of microbes. 

Aerosol and surface ocean bacterial communities shared species and in general were dominated 



	  

by organisms previously sampled in marine environments. Fog presence strengthened the 

microbial connection between water and land through air by increasing microbial aerosol 

settling rates and enhancing viability of aerosolized marine microbes. 

Using methods developed for the non-urban site, the role of local environment and winds 

in mediating water-air connections was further investigated in the urban environment. The local 

environment, including water surfaces, was an important source of microbial aerosols at urban 

sites. Large portions of the urban waterfront microbial aerosol communities were aquatic and, at 

a highly polluted Superfund waterfront, were closely related to bacteria previously described in 

environments contaminated with hydrocarbons, heavy metals, sewage and other industrial waste. 

Culturable urban aerosols and surface waters contained bacterial genera known to include 

human pathogens and asthma agents. High onshore winds strengthened this water-air 

connection by playing both a transport and production role.  

The microbial connection between water and air quality outlined by this dissertation 

highlights the need for information on the mechanisms that deliver surface water materials to 

terrestrial systems on a much larger scale. Moving from point measurements to landscape-level 

analyses will allow for the quantitative assessment of implications for this microbial water-air-

land transfer in both urban and non-urban arenas.   
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Chapter 1:  Dissertation Introduction 
 

The study of bacteria in the air (microbial aerosols) arguably began when Louis Pasteur 

repudiated the idea of spontaneous generation with his “swan-neck flask” experiments in the late 

1850’s. Pasteur’s demonstration of the existence of microbial aerosols capable of infecting sterile 

media also contributed to the decline of miasma theory, which postulated that human disease 

epidemics were a function of exposure to “bad air” emanating from contaminated soil and water. 

According to this theory, the air served as the disease agent itself, and meteorological factors, 

including wind and fog, mediated public exposure to that diseased air (Mitchell 2011). Despite 

this misconception of disease transmission, miasmatists introduced sanitation reforms which 

resulted in improved public health in crowded urban centers (Whorton 2001) and farm 

communities alike (Smart 1844). Ironically, Pasteur’s work with microbial aerosols had identified 

a likely agent for true public health connections between land, water, and air. Instead of a 

rigorous re-evaluation of miasma theory in light of microbial aerosols, however, questions 

exploring connections between human disease, contaminated environments, and meteorological 

conditions fell out of scientific favor. 

Climate change and global population increases have forced a re-examination of inter-

ecosystem connections through aerosol microbial exchange. Although we have yet to fully 

understand dominant sources or emission rates for microbial aerosols in general (Burrows, 

Elbert et al. 2009), recent work has highlighted the major contribution of aquatic and terrestrial 

systems to atmospheric aerosols in the form of living cells, cell fragments, organic compounds 

and micromolecules (Jaenicke, Matthias-Maser et al. 2007). These “bioaerosols” make up a large 
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fraction of atmospheric aerosols globally (5-50% of total aerosol content) (Jaenicke 2005) and 

have a significant impact on climate (Georgakopoulos, Despres et al. 2009), inter-ecosystem 

exchange (Sciare, Favez et al. 2009), and, in urban settings, human health (Rose 1999; Douwes, 

Thorne et al. 2003).  

The aerosol transfer of viable bacteria from one system to another most likely plays an 

important role in the biogeographical distribution of bacteria, as they are transported over broad 

ranges of aquatic and terrestrial ecosystems (Womack, Bohannan et al. 2010). Recent studies 

have revealed that many microbial aerosols have the capacity to process common atmospheric 

molecules (Ariya, Nepotchatykh et al. 2002; Amato, Menager et al. 2005; Vaitilingom, 

Charbouillot et al. 2011), and can serve as efficient cloud, rain, and fog nucleators (Posfai, 

Anderson et al. 1995; Hamilton and Lenton 1998; Bauer, Giebl et al. 2003; Ariya, Sun et al. 2009; 

Ekstrom, Noziere et al. 2010), which extends their impact to climate and atmospheric 

biogeochemistry. Finally, the microbial exchange between water and air creates a connection 

between water and air quality that is currently unmanaged and largely unexplored in terms of 

public health consequences, particularly in crowded coastal urban centers.  

This dissertation focuses on the mechanisms (environmental and biological) defining this 

water-air connection, as a means to build our understanding of the biogeochemical, 

biogeographical, and public health implications of the transfer of surface water materials to the 

near-shore environment in both urban and non-urban environments. Specifically, we asked the 

following scientific questions: (1) Is there a detectable aerosol transfer of marine materials to land 

in the near-shore environment? (2) What are the environmental controls on this transfer? (3) 

Are air quality and water quality connected in the urban environment? and (4) What is the role 

of wind in this connection? 
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Background:  Aerosols, Microbes, Ecology, and Public Health 
	  

Aerosols are defined as a suspension of liquid, solid, or multiple-phases of condensed 

matter in the atmosphere with particle sizes ranging from 0.001 to 100 µm. Differences in 

formation processes allow aerosols to be divided into two size fractions:  fine aerosols (< 2 µm in 

diameter (Dp)), and coarse aerosols (Dp > 2 µm) (Seinfeld and Pandis 2006). Fine aerosols are 

generally products of gaseous coagulation in the atmosphere, and have residence times of days to 

weeks. Coarse aerosols are generally products of the mechanical disruption of terrestrial and 

aquatic surfaces, and have a wide range of residence times (Whitby 1978). Coarse aerosols with 

Dp < 50 µm can have residence times of minutes to days, whereas particles with Dp > 50 µm 

typically settle out from the atmosphere in mere seconds (Lewis and Schwartz 2004). Although 

most aerosol studies focus on the fine aerosol fraction, bacterial aerosols are most often found in 

association with particles in the coarse aerosol fraction (Burrows, Elbert et al. 2009). 

Within the context of biogeochemical fluxes between systems, aerosols provide a 

mechanism for the transfer of microbes, nutrients, and pollutants. In coastal and other aquatic 

settings, this transfer can be from surface waters to land, a direction not normally considered in 

biogeochemical assessments of connections between aquatic and terrestrial systems. Marine 

particulates are known to enrich ambient aerosols in the air layer above surface waters 

(Kuznetsova, Lee et al. 2004; Aller, Kuznetsova et al. 2005; Seinfeld and Pandis 2006), and are 

delivered inland at coastal sites by onshore winds (Vignati, de Leeuw et al. 1999; de Leeuw, Neele 

et al. 2000; Dueker, O'Mullan et al. 2011). Three mechanisms dominate the supply of surface 

water particulates (including microbes) to the atmosphere:  bubble eruption (Woodcock 1953; 
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Blanchard and Syzdek 1971; Marks, Kruczalak et al. 2001), wind-wave interactions (Fitzgerald 

1991), and, at coastal sites, wave-shore interactions (de Leeuw, Neele et al. 2000).  

Current global estimates of bacterial concentrations in the atmosphere range from 1 x 104 

to 6 x 105 cells m-3 depending on ecosystem type (Shaffer and Lighthart 1997; Bauer, Kasper-Giebl 

et al. 2002; Burrows, Elbert et al. 2009). Important sources for microbial aerosol content include 

shedding from larger organisms (Lighthart 1997); long-range transport of dust particles (Kellogg 

and Griffin 2006); and emissions from aquatic surfaces (Blanchard 1989). While the first two 

sources have been well studied, the aquatic contribution of bacteria to the atmosphere has yet to 

be fully characterized, especially in the coastal environment.  

Our understanding of in situ microbial aerosol ecology is currently limited. However, 

aerosolized bacteria have been shown to reproduce under controlled laboratory conditions 

(Dimmick, Wolochow et al. 1979; Dimmick, Wolochow et al. 1979) and have the metabolic 

potential to biogeochemically mediate atmospheric chemistry (Delort, Vaitilingom et al. 2010). 

There is also growing evidence that microbial aerosols impact climate by serving as fog, cloud, 

and ice nucleators. Finally, the atmospheric transport of microbes between ecosystem types, such 

as from African desert soils to the Caribbean Sea (Prospero, Blades et al. 2005), or from ocean 

surface to land in coastal systems (Dueker, Weathers et al. 2011; Dueker, O'Mullan et al. 2012), 

has important implications for our understanding of microbial biogeography and genetic 

exchange among seemingly isolated microbiomes.  

The atmosphere is thought to play an important role in shaping microbial biogeography 

on land and in water by providing inter-system microbial transport. Also, researchers have 

recently begun asking whether the air itself may be a microbial habitat with a biogeography all its 

own (Womack, Bohannan et al. 2010). In order for the atmosphere to have a biogeography, 
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microbes must be able to persist in the air long enough to metabolize and reproduce. Researchers 

have suggested a number of mechanisms that may foster persistence of aerosolized microbes, 

including carotenoid pigmentation (Amato, Menager et al. 2005), high humidity (Griffiths and 

Decosemo 1994), association with larger gel-like particles formed from marine organic matter 

(Aller, Kuznetsova et al. 2005), and incorporation into fog or cloud droplets (Fuzzi, Mandrioli et 

al. 1997; Deguillaume, Leriche et al. 2008).  

Fog may be particularly important to microbial aerosol viability in coastal environments 

given its frequent occurrence at many temperate coastal sites (Weathers, Likens et al. 1988; 

Weathers 1999; Weathers, Lovett et al. 2000). Despite the fact that fog greatly increases the 

deposition of culturable microbes and fungi (Fuzzi, Mandrioli et al. 1997), and pathogenic viral 

particles (Castello, Lakshman et al. 1995), a molecular analysis of viable microbes in fog water 

has never before been reported. Also, the effects of fog on microbial aerosol viability have until 

now not been studied. 

A recent review estimated that 50 – 1000 bacterial cells m-2 s-1 are emitted from marine 

waters globally (Burrows, Elbert et al. 2009). This may underestimate emissions from coastal 

waters, where microbial abundances can be higher than the open ocean (National Research 

Council 2000), and aerosol production is increased by wave-shore interactions, recreational 

activities and management efforts (de Leeuw, Neele et al. 2000). Despite this, until recently, very 

few studies have focused on microbial connections between water and air (Horrocks 1907; 

Blanchard and Syzdek 1971; Baylor, Baylor et al. 1977). The few contemporary studies of coastal 

microbial aerosols do not simultaneously track coarse aerosol production and ambient aerosol 

size distributions (Shaffer and Lighthart 1997; Marks, Kruczalak et al. 2001; Polymenakou, 

Mandalakis et al. 2008; Fahlgren, Hagstrom et al. 2010; Cho and Hwang 2011; Urbano, Palenik et 



6	  

	  

al. 2011), making it difficult to evaluate environmental variability in production, transport and 

deposition.  

In urban coastal areas, where concentrated human populations reside in close proximity 

to large bodies of water, the emission of bacteria from surface waters can be a public health 

concern. Both fresh and marine surface waters are known to harbor naturally-occurring human 

pathogens and toxin-producing microbes including Legionella and cyanobacteria (Steinert, 

Hentschel et al. 2002; Declerck, Behets et al. 2007). In most coastal urban centers, water quality is 

also often compromised by the release of treated and untreated wastewater to estuarine and 

marine areas (Howarth, Marino et al. 2003). Pathogens in untreated sewage are numerous and 

varied (Tourlousse, Ahmad et al. 2008; Korzeniewska, Filipkowska et al. 2009), and, once they are 

released into saline waters in particular, the low-density, fresh water sewage remains at the 

surface, where bubbles release this material into the air (Aller, Kuznetsova et al. 2005). Human 

exposure to these aerosols could result in either respiration or ingestion. Particles less than 10 - 

12 µm in diameter (where most microbial aerosols are detected) are considered fully respirable 

and can reach the alveolar region of the lung. Particles larger than 12 µm are retained in the 

upper respiratory tract or ingested (Wells 1934; Wells and Wells 1936; Wells and Wells 1943; 

Nicas, Nazaroff et al. 2005; Xie, Li et al. 2007).  

Today, about half of the world's population lives within 200 kilometers of a coastline, and 

by 2025, that figure is likely to double (Creel 2003). With the resulting increases in wastewater 

inputs to rivers, estuaries and coastal waters (Niemi, Wardrop et al. 2004), microbial aerosol 

production at these coastlines should be a pressing concern in many regions of the world. 

Researchers have identified the possibility of aerosolized aquatic pathogens posing human health 

problems in the past (Baylor, Baylor et al. 1977; Wendt, George et al. 1980; Pickup, Rhodes et al. 
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2005; Motta, Capunzo et al. 2008), but the abundance of viable microbial aerosols, the microbial 

community diversity and composition associated with these viable cells, and the factors that 

determine their formation and dispersal have yet to be characterized. 

Methods:  Culturable Microbes and Meteorology  
	  

In both the urban and non-urban settings, we combined meteorological and 

microbiological data as a means to assess environmental controls on microbial aerosol 

production, viability and deposition in the near-shore environment. We chose to use culture-

based (growth of organisms on nutrient media) and molecular techniques as a means to detect 

patterns of viable microbial fallout and community membership while simultaneously evaluating 

environmental parameters. This combination of culture-based methods and meteorological 

measurements is thought to be a powerful tool for assessing factors governing microbial aerosol 

diversity, community structure, transport, deposition, and biogeography of cosmopolitan 

organisms in general (Womack, Bohannan et al. 2010). These sampling methods also yielded 

information about the viability of depositing organisms in coastal air space, information that is 

key to determining the potential for ecological and public health impacts of microbial aerosols. 

When Hobbie et al. (1977) observed large discrepancies between total marine bacteria 

microscopic counts (using filtering and DNA staining) and culturable marine bacteria counts 

(growth on nutrient media), the limitations of culture-based techniques quickly became clear. 

Culture-based techniques, because they select for organisms capable of growth on the specific 

media and under the specific incubation conditions imposed, underestimated actual bacterial 

concentrations in the ocean by several orders of magnitude. Since this discovery, culture-

independent methods such as PCR and genetic sequencing from bulk environmental DNA 
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samples, and filter-based DNA-staining and counting of bacterial cells, have revealed high levels 

of diversity and complexity of microbial communities both in aquatic and terrestrial 

environments.  

Recent research has confirmed high levels of genetic diversity in DNA obtained from 

aerosols as well (Brodie, DeSantis et al. 2007; Bowers, Sullivan et al. 2011). Given the exchange of 

microbial cells and cell materials between water, land, and air these findings are not surprising. 

However, while culture-independent methods detect DNA, they give no information about 

whether the organism identified from the DNA was viable, active, or even present in cellular 

form at the time of sampling. Because extracellular DNA (eDNA) is known to be ubiquitous in 

aquatic (Dell'Anno and Danovaro 2005), terrestrial (Pietramellara, Ascher et al. 2009), and 

atmospheric (Jaenicke 2005) environments, culture-independent techniques may be producing 

overestimates of the concentrations and diversity of microbial aerosol communities. Recent work 

has detailed high levels of adsorption of eDNA on humic acids in particular (Saeki, Ihyo et al. 

2011), making soil particles likely sources of eDNA to aerosols, which would result in over-

representation of this DNA in bulk extraction methods, regardless of whether or not cells 

containing this DNA were ever present in the air.  

In fact, evidence is building that culture-based methods do succeed in describing the 

dominant (and therefore ecologically-relevant) viable bacteria in both coastal (Fahlgren, 

Hagstrom et al. 2010) and urban (Bowers, Sullivan et al. 2011) microbial aerosols. Although 

studies rarely couple culture-dependent with culture-independent methods, there is some 

evidence that culturable microbial aerosol counts can mirror total counts when measured 

simultaneously (Tong and Lighthart 1999) and that total viable microbial aerosols (as assessed by 
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ATP-fluorescence and flow cytometry) correlate significantly with counts of culturable microbial 

aerosols (Hernlem and Ravva 2007; Ravva, Hernlem et al. 2012).  

The primary method of microbial aerosol sampling employed in this dissertation is that 

of the settling plate technique. Media-enriched agar petri dishes were exposed to the atmosphere 

and then incubated in the dark to measure the growth of deposited cells. The colonies were then 

individually characterized for pigmentation and morphology, and material from those colonies 

was used to molecularly identify the bacteria forming that colony. This provided two important 

pieces of information not available from contemporary culture-independent techniques: (1) a 

relative measure of the viable bacteria depositing from the air; and (2) the identity of those viable 

bacteria depositing from the air. While these methods inevitably underestimated the true number 

of viable bacteria in aerosols, knowing the identity and metabolic functionality of those that are 

culturable is a powerful first step in understanding the biogeographical, biogeochemical and 

public health implications of microbial exchange between aquatic and terrestrial systems. 

Summary of Key Findings:  Microbial Connections Between Water and Air Quality 
	  

This dissertation combines physical, chemical and biological data to provide a 

quantitative assessment of the biogeographical, biogeochemical, and public health implications 

for the water-air transfer of bacteria in both urban and non-urban aquatic environments. We 

began this work in the non-urban coastal environment to establish proof of concept for 

connections between water quality and air quality. We specifically asked whether there was a 

detectable aerosol transfer of marine materials (nutrients and microbes) to land in the near-shore 

environment, and what environmental factors controlled that exchange.  
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In Chapter 2, we identified environmental controls on the exchange of materials from the 

coastal ocean surface to the near-shore environment in coastal Maine, USA. We measured 

meteorological parameters, aerosol particle concentrations, and used both culture-based and 

culture-independent techniques to sample microbial aerosols under clear and foggy conditions. 

Local sources proved to be dominant for both coarse and microbial aerosols. Tide and fog 

significantly influenced coarse aerosol concentrations and the number of viable aerosolized 

bacteria depositing (microbial fallout) near-shore. On clear days, with very low onshore wind 

speeds, tidal movement alone produced bacterial emissions from the surface waters that were 

transferred in viable state to the near-shore environment. The high concentrations of nitrogen 

(N) and phosphorus (P) detected in frequent fog events indicated that microbial aerosols were in 

close contact with nutrients while airborne, providing the spatial context for potential 

biogeochemical transformations while suspended in air, or once deposited on land in droplet 

form. 

Chapter 3 explored the molecular identities of the viable microbial aerosols sampled in 

Chapter 2, and the specific role of fog in increased microbial fallout. Marine bacteria dominated 

near-shore microbial aerosols, further confirmation of local influence on near-shore aerosols. 

Delivery of microbes to the air means concurrent delivery of other marine materials, including 

biogeochemically relevant nutrients, to the terrestrial environment, as suggested by Weathers et 

al. (Weathers, Lovett et al. 2000). Furthermore, fog appeared to not only increase microbial 

fallout through increased gravitational settling rates, but also through enhanced viability of 

marine microbes specifically. Since marine fogs can move inland several km before dissipation, 

this could result in the delivery of marine nutrients and marine microbes able to process those 
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nutrients to inland terrestrial systems, representing a biogeochemical connection not normally 

considered for aquatic and terrestrial systems. 

Upon establishing detectability of and environmental controls on connections between 

water quality and air quality in the non-urban coastal environment, we moved into the urban 

coastal environment to test the prediction of public health consequences for this connection and 

to evaluate the role of mechanical aeration and high onshore winds in this connection. Chapter 4 

was conducted on Newtown Creek (NTC), a highly-polluted tributary of the Hudson River 

Estuary (HRE) recently declared a Superfund site (Mugdan 2011), and currently undergoing 

aeration remediation. As in Chapters 2 and 3, we found that the local environment dominated 

the microbial aerosols depositing near-shore at NTC, and that the microbial aerosol community 

at this site was a unique reflection of its polluted environmental context. Strong aquatic and 

terrestrial influences were evident in microbial aerosols at this site, and genera known to contain 

human pathogens and asthma agents were present in both air and surface waters. Aeration 

remediation of these waters resulted in surface water emissions of coarse aerosols, and 

contributed to the water-air microbial connection at this site, creating the potential for 

unintended public health consequences. 

Chapter 5 tested the role of wind in microbial connections between water and air quality. 

Sampling was conducted from a pier on the NY Harbor, where onshore winds traveled over 

fetches greater than 3 km over harbor waters. For fine, coarse and microbial aerosols, wind 

served a transport role when under 4 m s-1, and both a transport and production role at wind 

speeds above 4 m s-1. Given that whitecaps are produced from wind-wave interactions at 4 m s-1, 

and that microbial identities reveal greater influence of aquatic sources at these higher wind 

speeds, harbor surface waters appear to be an important source of aerosol particles at the 
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waterfront under high wind conditions. These microbial patterns were discerned using two 

separate types of agar media, providing further evidence of the utility of the settling plate method 

in making connections between viable microbial aerosols and environmental controls. Overall, 

these findings indicate that onshore winds strengthen connections between water and air quality 

through both transport and production of surface water aerosols, and are relevant both to our 

ecological understanding of water-air-land biogeochemical connections and in evaluating public 

health implications for the aerosolization of contaminated urban surface waters. 

Conclusion:  Implications and Next Steps 
	  

This dissertation provides strong evidence of water-air-land transfer of surface water 

materials and microbes. Tide, fog, and wind are identified as controlling environmental factors in 

this transfer. These findings have implications for our biogeographical understanding of 

microbial global distribution, biogeochemical constraints on inter-ecosystem materials exchange, 

and approaches to public health management in urban centers located near aquatic systems. In 

non-urban environments, water-air-land transfer of microbes and nutrients represents a 

direction of inter-ecosystem materials exchange that is not normally considered and is 

particularly vulnerable to climate change. In urban environments, this transfer has additional 

public health implications, as contaminated waters can emit pollutants including potentially 

pathogenic microbes and asthma agents to waterfront air.  

The microbial connection between water and air quality necessitates further study into 

the mechanisms delivering surface water materials to urban and non-urban terrestrial air space. 

The scope of this issue may increase with climate change, given that storm frequency is expected 

to increase at many coastlines, which will result in increased onshore winds and increased sewage 
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delivery to urban water bodies (Noyes, McElwee et al. 2009). Moving from point measurements 

to landscape-level analyses of the microbial connections between water and air should allow for 

the quantitative assessment of public health risks and the re-evaluation of current water and air 

quality management approaches in both the urban and non-urban arenas.  
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Chapter 2:  Environmental controls on coastal coarse aerosols:  
implications for microbial content and deposition in the near-shore 

environment 
	  
Published previously:   
Dueker, M. E., Weathers, K. C., O'Mullan, G. D., Juhl, A. R., and Uriarte, M.: Environmental 
Controls on Coastal Coarse Aerosols: Implications for Microbial Content and Deposition in the 
Near-Shore Environment, Environ. Sci. Technol., 45, 3386-3392, 2011. 
	  

Abstract 

Coarse aerosols (particle diameter (Dp) > 2 µm) produced in coastal surf zones carry 

chemical and microbial content to shore, forming a connection between oceanic, atmospheric 

and terrestrial systems that is potentially relevant to coastal ecology and human health. In this 

context, the effects of tidal height, wind speed and fog on coastal coarse aerosols and microbial 

content were quantified on the southern coast of Maine, USA. Aerosols at this site displayed clear 

marine influence and had high concentrations of ecologically relevant nutrients. Coarse aerosol 

concentrations significantly increased with tidal height (i.e., distance from waterline), onshore 

wind speed, and fog presence. As onshore wind speeds rose above 3 m s-1, the mean half-

deposition distance of coarse aerosols increased to an observed maximum of 47.6 ± 10.9 m from 

the water’s edge at wind speeds from 5.5 - 8 m s-1. Tidal height and fog presence did not 

significantly influence total microbial aerosol concentrations, but did have a significant effect on 

culturable microbial aerosol fallout. At low wind speeds, culturable microbial aerosols falling out 

near-shore decreased by half at a distance of only 1.7 ± 0.4 m from the water’s edge, indicating 

that these microbes may be associated with large coarse aerosols with rapid settling rates.  
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Introduction 

The microbial component of atmospheric aerosols has long been recognized as a source 

for human allergies and disease transmission (Cox 1989) and is thought to play an important role 

in the observed cosmopolitan distribution of some species of bacteria(Aller, Kuznetsova et al. 

2005). Important sources for microbial aerosol content include shedding from larger organisms 

(Lighthart 1997); long-range transport of dust particles (Kellogg and Griffin 2006); and emissions 

from marine surface waters (Blanchard 1989). While the first two sources have been well studied, 

the ocean contribution of bacteria to the atmosphere has yet to be fully characterized, especially 

in the near-shore environment. A recent review estimated that 50 – 1000 bacterial cells m-2 s-1 are 

emitted from marine waters globally (Burrows, Elbert et al. 2009). This may underestimate 

emissions from coastal waters, where microbial abundances can be higher than in the open ocean 

(National Research Council 2000), and aerosol production is increased by wave-shore interaction 

in the surf zone (de Leeuw, Neele et al. 2000). Further, it is in these coastal settings that onshore 

winds transport marine-derived nutrients and microbes to land, creating an inter-ecosystem 

transfer that is rarely considered (Weathers, Lovett et al. 2000).  

Because of long atmospheric residence times (days to weeks) and long distance transport 

potential (100’s to 1000’s km), fine aerosols (particle diameter (Dp) < 2 µm) are the usual focus of 

atmospheric aerosol studies (Seinfeld and Pandis 2006). Bacterial aerosols, however, are most 

often associated with particles in the coarse aerosol fraction (Dp > 2 µm) (Burrows, Elbert et al. 

2009). In coastal settings, coarse aerosol particles are primarily products of bursting bubbles in 

coastal surface waters created by wind-wave and wave-shore interactions (Monahan, Fairall et al. 

1983; Blanchard 1989; de Leeuw, Neele et al. 2000). Once formed, onshore winds transport these 
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particles over land, where they are eventually deposited through gravitational settling, inhalation, 

or surface interception.  

 Previous studies have shown that particle size plays an important role in predicting 

chemical content (Vignati, de Leeuw et al. 1999) and microbial abundance and viability in 

atmospheric aerosols (Lighthart and Shaffer 1997). Despite this, the effects of physical factors 

including tidal movement, wind speed and fog on the size distribution of coarse aerosols have 

rarely been studied in the coastal environment (Vignati, de Leeuw et al. 1999; de Leeuw, Neele et 

al. 2000; Lewis and Schwartz 2004; Seinfeld and Pandis 2006). Even less is known about the 

impact of these physical factors on coastal microbial aerosols. Recent studies of coastal microbial 

aerosols do not simultaneously track coarse aerosol production and ambient aerosol size 

distributions (Shaffer and Lighthart 1997; Fahlgren, Hagstrom et al. 2010), making it difficult to 

evaluate environmental variability in production, transport and deposition. This study examines 

the influence of tidal height (i.e. proximity to water’s edge), wind speed, and fog presence on 

coarse aerosol particle size distributions, nutrient concentrations and microbial content across a 

coastal waterfront with the aim of characterizing this important connection mechanism between 

oceanic, atmospheric and terrestrial systems. 

Methods 
	  
Study site. This study was conducted on a south-facing rocky shore of Southport Island, ME, 

USA (N43.80261 W69.66841). Winds blow predominantly from the south, resulting in frequent 

advection fogs (Davis 1966). Data were collected during three field campaigns, June 28 - July 7, 

2008, Sept. 8 - Sept. 14, 2008 and June 28 - August 4, 2009. Sampling of both physical and 

microbial factors were conducted at two fixed locations (25 m apart) within 9 m of the mean high 
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tide line. As the tide moved out (46 m total at meteorological equipment station, and 25 m total 

at the microbial station), a distance transect from the stationary samplers to the water’s edge was 

created over time. 

Tidal height, wind speed and fog presence. Tidal height data for the study site were time-

corrected from Gulf of Maine Ocean Observing System (GoMOOS) buoy measurements near 

Portland, ME. One-minute wind speed, wind direction, humidity, temperature and precipitation 

data were measured by a Vantage Pro2 Plus Weather Station (Davis Instruments, Hayward, CA) 

installed at the study site 5 m above ground level and within 25 m of all sampling. Fog 

presence/absence was determined using a combination of field observations and time-lapse 

photography. 

Aerosol particle size distributions. Aerosol particle concentrations were measured using a 

stationary Met One 9012 Ambient Aerosol Particulate Profiler (Met One Instruments, Grants 

Pass, OR) placed at a height of 2 m, within 9 m of the mean high waterline (55 m from the mean 

low waterline). One-minute aerosol particle size data were recorded in bins with boundaries of 

0.3, 0.5, 0.7, 1, 2, 3, 5, and 10 µm diameter (Dp), with an estimated cut-off of Dp = 30 µm. This 

range of particle sizes covers both fine and coarse aerosol particle fractions (Seinfeld and Pandis 

2006). The mean particle size per bin is used to reference each bin throughout this paper (e.g., Dp 

= 4 refers to the Dp = 3-5 µm bin). Particle sizes were not corrected for relative humidity (RH) 

due to the low RH variability (Table 2.1), but were separated between foggy and clear conditions 

(Gultepe, Tardif et al. 2007). Because particle concentration data were log-normally distributed, 

aerosol number and volume size distributions were calculated from the geometric means of 

particle concentrations pooled across field campaigns. Particle volume was calculated assuming 
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spherical shapes, with radius Dp/2. All statistical analyses for this study were performed using R 

statistical software (R Development Project 2008).  

Aerosol particle concentrations recorded at low tide, during calm (wind speed = 0) and 

fog-free conditions were used to create reference coarse aerosol concentrations, number and 

volume size distributions. The reference data were compared to subsets of the coarse aerosol data 

designed to isolate the influences of tidal height, fog presence and onshore wind speeds (Table 

2.2). Briefly, data for the high tide subset were gathered at high tide under no fog, no wind 

conditions. Data for the fog subset were gathered during fog events with no wind and at low tide. 

Data for the wind subset were gathered at wind speeds of 5.5 – 8.0 m s-1 at low tide and no fog. 

Comparisons between these subsets and reference total coarse aerosol concentrations were 

performed using Welch’s Two Sample T-test of log-transformed data. 

At wind speeds > 3 m s-1 the deposition of coarse aerosol particles was modeled using 

linear regression on log-transformed coarse aerosol concentration data. The half-deposition 

distance for coarse aerosols was calculated from regression parameter a according to the formula: 

  1/2-deposition distance = ln(2)/-a  (Equation 2.1).  

Aerosol and ocean surface chemical content. Fog droplets were captured for chemical analyses 

of coastal aerosols using duplicate passive fog collectors (PFC’s) (Falconer and Falconer 1980; 

Weathers, Lovett et al. 1995). The PFC’s consisted of circular Teflon string (0.5 mm diameter) 

arrays mounted at 2 m on PVC frames. Fog droplets impacted on the Teflon strings were 

funneled into an opaque, UV-protected sterile collection bottle. Both PFC’s were rinsed with 

sterile deionized (DI) water before and after each fog event. For chemical analysis, 10 – 50 ml of 

fog water (depending on collected sample volume) were passed through a 0.22 µm Sterivex filter 

to remove bacterial cells and frozen until analysis. Ocean samples were gathered from the ocean 



19	  

	  

surface (~ 0.5 m depth, 2-10 m from shore) on a daily basis and similarly processed. Aqueous 

chemistry analyses were performed by University of Maryland’s Horn Point Analytical Service 

Lab (Lane, Rhoades et al. 2000). To assess marine influence on the aerosol chemistry, all 

concentrations were normalized using sodium (Na+) concentrations, and then compared to 

ocean surface chemistry (Gundel, Benner et al. 1994).  

Microbial Aerosols and Ocean Bacteria. Total microbial aerosols were sampled using duplicate 

SKC Bioaerosol Samplers (SKC, Eighty Four, PA) according to Fierer et al.(Fierer, Liu et al. 

2008). Total bacterial abundances in aerosols, fog water and ocean surface waters  

were determined by preserving 1-10 ml of bioaerosol sample, fog water (captured in a sterilized 

PFC), or surface ocean (collected at < 0.5 m depth) in 3% formaldehyde (final concentration). 

Samples were stored in the dark at 4 ºC until cell counts were performed (within 8 months of 

collection) according to Noble et al. (Noble and Fuhrman 1998).  

Culturability of microbial aerosols depositing near-shore was tested by exposing replicate 

(2-4) petri dishes containing LB media (Luria Broth Agar, Miller, Fisher Scientific) to ambient 

aerosols for 30 minutes over a range of environmental conditions. Although not all bacteria are 

capable of growth under media-selected conditions, this method provided a relative measure of 

culturable microbial aerosol fallout. This method also served as an indicator of relative viability 

of the culturable microbial aerosols (e.g., damaged/dead culturable cells would not grow upon 

depositing). The exposures occurred at a station 10 m upwind from the particle profiler, 6 m 

from mean high waterline and 25 m from mean low waterline. The plates were positioned as the 

highest point on the shoreline (~ 1 m) to remove interception as a factor. After exposure, the 

plates were incubated at room temperature (17.7 – 20.3 °C). Colony forming units (CFU) were 
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counted after 8 days. Microbial fallout (CFU m-2 s-1) was calculated using the surface area of the 

exposed petri dishes (0.0079 m2) and the duration of exposure.  

Results 
	  
Drivers of local coarse aerosol concentrations and size distributions. During sampling this site 

experienced low mean wind speeds, high humidity, and frequent fog (Table 2.1). The number 

concentration of aerosol particles was dominated by fine aerosols and the volume concentration 

was dominated by coarse aerosols (Figure 2.1), as is normally the case for both marine and 

continental aerosols (Seinfeld and Pandis 2006). Coarse aerosol number size distributions were 

dominated by particles with Dp = 4 µm, and volume size distributions were dominated by 

particles with Dp = 4 – 7.5 μm, with the exception of foggy conditions (Figure 2.1 C, D). Relative 

to the reference condition, the number and volume of coarse aerosols increased during high tide. 

Moderate breezes (5.5 – 8.0 m s-1) resulted in the greatest observed increases in both number and 

volume distributions for particles with Dp = 2.5 – 4 µm. The presence of fog generated the 

greatest increases in both number and volume for coarse particles with Dp > 4 µm (Figure 2.1 C, 

D).  

 Tidal height (i.e., proximity to water’s edge) had an important influence on the 

concentration of coarse aerosols. During periods of no wind or fog, the geometric mean of one-

minute coarse aerosol concentrations at high tide (1.26 (± 0.04) x 106 m-3, n = 836 minutes) was 

significantly elevated (p < 0.01) over the low tide reference conditions (4.80 (± 0.1) x 105 m-3, n = 

947 minutes). Fog coarse aerosol concentrations measured during times of no wind at both high 

and low tide were 1.94 (± 0.07) x 106 m-3 (geometric mean, n = 1303 minutes), which was 

significantly higher than both low and high tide concentrations without fog (p < 0.01).  



21	  

	  

Onshore wind speed also influenced the concentration and size distribution of coarse 

aerosol particles (Figure 2.2). Wind speeds below 1.5 m s-1 gave low coarse aerosol concentrations 

that showed little decay, peaking at the closest and furthest distances from the waterfront (i.e., 

low and high tides). With wind speeds above 3.3 m s-1, coarse aerosol particle concentrations 

were significantly elevated over the entire transect, with the exception of very low tide (distance 

to water’s edge > 50 m). At wind speeds above 3.0 m s-1, the coarse aerosol half-deposition 

distance rose with increasing onshore wind speed, with an observed maximum of 47.6 ± 10.9 m 

from the water’s edge at wind speeds from 5.5 - 8 m s-1 (Table 2.3).  

Aerosol Chemistry. The observed relationship between Na+ (used as an ocean tracer) and 

chloride (Cl-), bromine (Br-), and magnesium (Mg2+) concentrations in fog water compared to 

known seawater stoichiometry (Millero 2006) confirmed that coastal fogs incorporated sea salt 

aerosols (Table 4). Na+-normalized Cl- concentrations in fog water, when compared to 

conservative seawater stoichiometry, reflected a 5% Cl- loss. Fog water nutrient concentrations, 

including Phosphorus, were high but within range of previously reported values (Table 2.4) 

(Weathers, Lovett et al. 1995; Weathers, Lovett et al. 2000).  

Microbial content of surface ocean, coastal aerosols and fog. Surface ocean bacterial 

concentrations averaged 9.2 (± 1.0) x 105 cells ml-1 (n = 12). This finding agrees well with the 

global average reported for coastal waters of 5 x 105 cells ml-1 (Whitman, Coleman et al. 1998). 

Fog bacterial concentrations averaged 9.7 (± 6.3) x 104 cells ml-1 (n = 8), which is similar to the 1.0 

x 105 cells ml-1 recently reported for cloud water (Amato, Menager et al. 2005). Total microbial 

aerosol counts were log-normally distributed and had a geometric mean of 1.6 (± 0.8) x 106 m-3 

air (n = 11). Tidal height, onshore wind speed and fog did not have statistically significant effects 

on total microbial aerosol concentrations.  
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Microbial fallout. Tide and fog significantly influenced the fallout of culturable microbial 

aerosols. Without fog, the mean microbial fallout was 0.06 ± 0.05 CFU m-2 s-1 (n = 29 plates, 4 

events). Fog significantly increased microbial fallout (Welch’s two sample t-test, p << 0.01) with a 

mean of 1.3 ± 0.2 CFU m-2 s-1 (n = 69 plates, 5 events). The importance of fog in microbial fallout 

was also modulated by tidal height. Maximum microbial fallout was reached during foggy 

conditions at high tide, with a mean of 5.2 ± 0.8 CFU m-2 s-1 (n = 15 plates, 2 events).  

Wind speeds during plate exposures averaged 0.9 ± 0.1 m s-1, and never exceeded 2.0 m s-

1. Under fog-free conditions, there was a significant positive relationship (linear regression on 

log-transformed data, n= 26, R2 = 0.54, a = -0.41 ± 0.08, p << 0.01, b = 2.53 ± 1.00, p < 0.05) 

between proximity to the water’s edge (tidal height) and microbial fallout (Figure 2.3). At these 

low wind speeds, microbial fallout decreased by ½ within 1.7 ± 0.4 m of the water’s edge 

(calculated using regression parameter a in Equation 2.1).  

To demonstrate event-specific interactions between fog and coarse aerosol 

concentrations and microbial fallout, four plate exposure events are detailed in Figure 2.4. Coarse 

aerosol concentrations and microbial fallout were low in the absence of fog (Figure 2.4 A, B). The 

initial onset of fog increased coarse aerosol concentrations by an order of magnitude (Figure 2.4 

B), and was coupled with increases by a factor of 3 or more in microbial fallout (Figure 2.4 B, D). 

Wind speed, RH, and temperature during each exposure event had low variation and are plotted 

in Figure 2.5. 

Discussion 
	  
Local production and transport of coarse aerosols from coastal ocean surface to land. Local 

ocean surface production of coastal coarse aerosol particles was confirmed by physical, chemical 
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and microbial characteristics of these particles. Coarse aerosol particle concentrations were 

notably increased at wind speeds > 3.3 m s-1, most likely due to local production from wind-wave 

interactions. These results agree well with increases in coastal coarse aerosol concentrations at 

wind speeds > 4 m s-1 reported by Vignati et al (1999). De Leeuw et al. found that aerosol 

particles (Dp = 0.5 - 10 µm) were increased by 1-2 orders of magnitude in surf zones as the direct 

result of local aerosol production by breaking waves (de Leeuw, Neele et al. 2000). The negative 

relationship of coarse aerosol concentrations to distance from the waterfront across the range of 

wind speeds observed at this site (Figure 2.2) suggests that wind and waves locally produce coarse 

aerosols that are then transported over short distances, with over ½ of the particles settling out an 

observed maximum of 47.6 ± 10.9 m of the water’s edge (Table 2.3). This pattern is likely to 

become more pronounced at higher wind speeds.  

The aerosol particles captured in fog water exhibited clear ocean influence, although the 

volumetric contribution of seawater to fog water was small. The local nature of the sea salt 

aerosols captured by fog was demonstrated by the small loss of Cl- when compared to Na+ (5%) 

(Table 2.4). Once aerosolized from ocean water, up to 90% of Cl- can be lost to atmospheric 

chemical processes (particularly in reactions with HNO3) over time in open ocean settings. The 

much lower Cl- loss reported here occurred despite high concentrations of dissolved inorganic 

nitrogen (DIN) in sampled fog water chemistry (Table 2.4), indicating that sea salt aerosols 

(Martens, Wesolowski et al. 1973) measured in this study were recently produced, and therefore 

of local origin. 

 Finally, total microbial aerosols and microbial fallout also indicate local aerosol particle 

production. The average microbial aerosol loading of 1.6 (± 0.8) x 106 cells m-3 was similar to that 

reported by Aller et al. (2005) sampling 4 m above a boat wake in Long Island Sound (2.0 x 106 
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cells m-3), but over two orders of magnitude higher than that measured from an 85 m tower 

located 500 m from the coast of the UK (8 x 103 cells m-3) (Harrison, Jones et al. 2005). Also, 

microbial fallout at high tide (i.e. 6 m from the water’s edge) was 3 times that at low tide (i.e. 25 

m from water’s edge) during low-wind clear conditions (Figure 2.3). The increase in microbial 

fallout with proximity to the water’s edge suggests a local, marine source for these organisms and 

the aerosol particles with which they are associated. 

Controls on coastal coarse aerosols and microbial content. Tidal height, wind speed and fog 

presence clearly affected the number and volume distributions of coarse aerosols at the 

waterfront (Figure 2.1). High onshore wind speeds created the greatest increases in aerosols with 

Dp = 2.5 – 4 µm. This range covers literature-reported median particle sizes (Dp = 2 – 4 µm) most 

often found to be associated with viable microbial aerosols in continental and coastal 

regions(Burrows, Elbert et al. 2009). However, the low wind speeds (< 2.0 m s-1) encountered 

during agar plate exposures did not allow for adequate testing of wind effects on total microbial 

aerosol concentrations and culturable microbial fallout. Further research focusing on microbial 

aerosol fallout at the coastal interface for wind speeds > 3 m s-1 is merited.  

 Proximity to the water’s edge (as mediated by tidal movement) was found to significantly 

affect both coarse aerosol particle concentrations and microbial fallout. Both relationships closely 

approximated exponential decreases with distance from the waterline (Figures 2.2 and 2.3). 

Baylor et al. found similar trends when measuring the fallout of viral particles at a coastal site 

(half-deposition distance ~ 5 m) under windy conditions (although wind speeds were not 

specified) (Baylor, Baylor et al. 1977). Under the low wind conditions of this study, the small 

half-deposition distance for culturable microbial aerosols (1.7 m) compared to that found for 
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coarse aerosols at the same wind speeds (77.0 m, Table 2.3) strongly suggests that the microbes 

sampled were associated with large aerosol particles that settled out soon after production.  

The local production of coastal coarse aerosol particles and culturable microbes measured 

in this paper underscores the importance of understanding the local deposition of these particles 

and microbes in the near-shore environment. Even under low-wind conditions, coarse aerosol 

particles containing both ecologically relevant nutrients and culturable microbes were transferred 

from ocean to land through tidal movement and surf-zone processes. Given evidence from 

coarse aerosol particle concentrations, this transfer should increase with importance when wind 

speeds exceed 3 m s-1. 

 While previous studies have shown that fog water contains culturable microbes and fungi 

(Fuzzi, Mandrioli et al. 1997), this study is the first to report total bacterial loading of fog water, 

particularly in a coastal setting. This is also the first report of increased fallout of culturable 

microbial aerosols during fog events. The increased fallout of culturable microbial aerosols may 

be both a function of increases in gravitational settling rates and increases in microbial aerosol 

viability. Environmental challenges to viability of aerosolized microbes include increased UV 

exposure, desiccation, temperature shock, radical pH reduction and oligotrophic 

microconditions (Burrows, Elbert et al. 2009). Fuzzi et al. (1997) postulated that fog water could 

serve as a culture media for microbial aerosols, allowing them not only to survive the stressors 

normally associated with aerosolization processes but also to grow and metabolize while 

suspended. While growth of microbes is not a valid explanation on the transport timescale of this 

study, increased viability from reduced environmental stress is likely.  
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Conclusion 
	  

We have established that even under low-wind conditions, there is a detectable 

movement of coarse and microbial aerosols from ocean to land, an important baseline 

understanding that will serve as the foundation for future quantification of the contribution of 

high winds to these fluxes. These findings confirm the importance of coarse aerosols as a 

connection between oceanic, atmospheric, and terrestrial systems at coastal sites. Differences in 

bathymetry and coastal geometry may change the quantitative details of this process, but the 

general concept of measurable local coarse and microbial aerosol production and terrestrial 

deposition can be extrapolated to other coastlines.  

The potential for aerosols originating from the open ocean to affect coastal urban air 

quality was recently investigated by Athanasapoulou et al. (2008). Our findings suggest that 

aerosols created in coastal surf zones can also contribute to coastal air quality. This connection is 

relevant to the ecology of ecosystems and to human health in coastal regions, particularly in 

coastal urban centers, where dense populations are in close proximity to the waterfront, often in 

areas with poor water quality and high microbial loading in surface waters. Urban coastal waters 

often support bacterial abundances several orders of magnitude higher than coastal surface 

waters without anthropogenic influence. If these higher microbial concentrations lead to higher 

microbial aerosol concentrations (and particularly the aerosolization of sewage-related 

pathogens) this ocean-atmosphere-terrestrial microbial transfer point could have human health 

implications.   
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Tables 
	  
Table 2.1. Mean meteorological conditions during field sampling events in coastal Maine, USA. 

 

	    

 6/28/08 - 7/7/08 9/8/08 - 9/13/08 6/28/09 - 8/5/09 

Minutes Logged (n) 1056 1359 21603 

Temperature (°C) 17.51 ± 0.06 16.30 ± 0.03 17.87 ± 0.01 

Humidity (RH%) 94.48 ±  0.11 92.70 ± 0.10 95.01 ± 0.03 

Wind Speed (m s-1) 0.90 ± 0.04 2.68 ± 0.04 0.66 ± 0.01 

Onshore Winds (%) 59 78 60 

Fog Events 7 3 18 
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Table 2.2. Data subset scheme for Figure 2.1, plotting impacts of tide (high and low), wind speed and fog 
presence on coarse aerosol size distributions.  

 

 
 
Table 2.3. Model parameters for the relationship of log-transformed coarse aerosol concentrations to tidal 
movement (proximity to water’s edge) fit to ln(y) = ax+b using linear regression.  

	  
 

 

 

  Data Subset Values 

  Fog Wind Speed Tidal Height 

Physical 

Factors 

Low Tide 

(Reference) 

No Fog 0 < 1 m 

High Tide No Fog 0 > 2.5 m 

Wind Speed No Fog 5.5 - 8.0  m s-

1 

< 1 m 

Fog Fog 0 < 1 m 

 

Wind 

Speed   

(m s-1) 
n R2 a p-value b p-value 

Half-

deposition 

distance 

(m) 

Low (< 2) 7118 0.02 -0.009 ± 0.001 <<0.001 0.05 ± 0.03 0.057 77.0 ± 9.6 

2.0 - 3.0 806 0.10 -0.026 ± 0.003 <<0.001 1.20 ± 0.10 <<0.001 27.1 ± 3.6 

3.0 - 3.5 342 0.39 -0.044 ± 0.003 <<0.001 2.09 ± 0.103 <<0.001 15.8 ± 1.2 

3.5 - 4.0 240 0.33 -0.041 ± 0.004 <<0.001 2.03 ± 0.132 <<0.001 16.7 ± 1.7 

4.0 - 4.5 293 0.1 -0.022 ± 0.004 <<0.001 1.37 ± 0.134 <<0.001 32.1 ± 6.5 

4.5 - 5.0 76 0.26 -0.021 ± 0.004 <<0.001 1.56 ± 0.171 <<0.001 32.8 ± 7.8 

5.0 - 5.5 63 0.37 -0.019 ± 0.003 <<0.001 1.65 ± 0.105 <<0.001 36.9 ± 7.3 

5.5 - 8.0 69 0.29 -0.015 ± 0.003 <<0.001 1.56 ± 0.090 <<0.001 47.6 ± 10.9 
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Table 2.4. Coastal aerosol and surface ocean chemistry, Maine, USA. 

	  

Figures 
	  
Figure 2.1. Fine (A, B) and coarse (C, D) aerosol particle number size distributions (A, C) and 
volume size distributions (B, D) under differing environmental conditions (see text for detail on 
data subsets), coastal Maine, USA. Note the log scale of the volume distribution y-axis and both 
x-axes. Vertical bars represent the standard error of the geometric mean of 1-minute coarse 
aerosol concentrations (if not visible, the error interval is smaller than the plot point character). 
Because the standard error is calculated from a geometric mean, error bars may be uneven. 
 

Figure 2.2. The geometric mean of 1-minute coarse aerosol particle concentrations during fog-
free conditions binned by distance from particle profiler to water’s edge as mediated by tidal 
movement (high tide = 9 m, low tide = 55 m), coastal Maine, USA. Wind speeds binned 
according to Beaufort Scale categories. Vertical bars indicate standard error of geometric mean 
(if not visible, the standard error is smaller than the plot point character). Because the standard 
error is calculated from a geometric mean, error bars may be uneven.  
 

Figure 2.3. Fallout of culturable microbial aerosols under low-wind (< 2.0 m s-1), fog-free 
conditions plotted by distance of exposed plates to the water’s edge as mediated by tidal 
movement (high tide = 6 m, low tide = 25 m), coastal Maine, USA. Each point represents a single 
plate count, and the decay curve is based on linear regression of log-transformed data. 
	  

 Absolute Concentrations Na+- corrected Concentrations 

 Coastal  

Aerosols 

Surface  

Ocean 

Coastal  

Aerosols 

Surface 

Ocean 

Aerosols/ 

Ocean 

 n mg L-1  

(fog water) 

n mg L-1 (mg L-1)/ 

(mg L-1)Na+ 

(mg L-1)/ 

(mg L-1)Na+ 

 

Cl- 11 23.59 ± 4.41 20 16397.44 ± 73.80 1.70 ± 0.08 1.79 0.95 

Br- 10 0.11 ± 0.03 20 56.94 ± 0.26 0.006 ± 0.001 0.01 0.96 

Mg2+ 18 3.24 ± 0.49 20 1087.66 ± 4.90 0.13 ± 0.01 0.12 1.09 

  !M (fog water)  !M !M/(mg L-1)Na+ !M/(mg L-1)Na+  

DIN 22 282.40 ± 33.50 18 1.95 ± 0.30 18.20  ± 3.00 0.00020 ± 0.000030 91000 

DIP 21 0.46 ± 0.11 20 0.45 ± 0.03 0.02 ± 0.01 0.00005 ± 0.000003 400 

DON 10 37.85 ± 11.92 10 2.73 ± 0.55 1.00 ± 0.20 0.00030 ± 0.000200 3333 

DOP 10 0.56 ± 0.10 10 0.20 ± 0.03 0.02 ± 0.004 0.00002 ± 0.000003 1000 
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Figure 2.4. Event-based comparisons of total culturable microbial aerosols (left vertical axis) and 
15-minute coarse aerosol concentrations (right vertical axis), coastal Maine, USA. Please note 
differing vertical scale axes. The presence of fog is indicated by a horizontal dashed line above the 
horizontal axis. Vertical bars represent standard error of replicate plates (microbial aerosols) or 
15-minute coarse aerosol concentrations, and if not visible are smaller than the plot point 
character. 
 
Figure 2.5. Event-based comparisons of 1-minute wind speed (WS, m s-1), relative humidity (RH, 
%), and air temperature (AT, °C) measurements during plate exposure events plotted in Figure 
2.4. The presence of fog is indicated by a horizontal dashed line above the horizontal axis.  
 

	  

 

Figure 2.1. Fine and coarse aerosol particle number and volume size distributions 

!!

!
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Figure 2.2. Effect of tidal movement and wind speed on coarse aerosol concentrations 

	  
	  
	  
	  

	  
	  
	  
Figure 2.3. Effect of tidal movement on microbial fallout 

	  

!
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Figure 2.4. Event-based coarse aerosol concentrations and microbial fallout 

!
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Figure 2.5. Event-based meteorological parameters for Figure 2.4 events 
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Chapter 3:  Coupling of fog and marine microbial content in the near-
shore coastal environment 

	  
Published previously:   
Dueker, M. E., O'Mullan, G. D., Weathers, K. C., Juhl, A. R., and Uriarte, M.: Coupling of fog and 
marine microbial content in the near-shore coastal environment, Biogeosciences 9(2):803-813, 
2012. 
 

Abstract 
	  

Microbes in the atmosphere (microbial aerosols) play an important role in climate and 

provide an ecological and biogeochemical connection between oceanic, atmospheric, and 

terrestrial environments. However, the sources and environmental factors controlling the 

concentration, diversity, transport, and viability of microbial aerosols are poorly understood. 

This study examined culturable microbial aerosols from a coastal environment in Maine (USA) 

and determined the effect of onshore wind speed and fog presence on deposition rate, source, 

and community composition. During fog events with low onshore winds (< 2 m s-1) the near-

shore deposition of microbial aerosols (microbial fallout) decreased with increasing wind speeds, 

whereas microbial fallout rates under clear conditions and comparable low wind speeds showed 

no wind speed dependence. Mean aerosol particle size also increased with onshore wind speed 

when fog was present, indicating increased shoreward transport of larger aerosol particles. 16S 

rRNA sequencing of culturable ocean surface bacteria and microbial aerosols deposited onshore 

resulted in the detection of 31 bacterial genera, with 5 dominant genera (Vibrio, Bacillus, 

Pseudoalteromonas, Psychrobacter, Salinibacterium) making up 66% of all sequences. The 

sequence library from microbial aerosol isolates, as with libraries found in other coastal/marine 

aerosol studies, was dominated at the phylum level by Proteobacteria, with additional 

representation from Firmicutes, Actinobacteria and Bacteroidetes. Seventy-five percent of the 
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culturable microbial aerosols falling out under foggy conditions were most similar to GenBank-

published sequences detected in marine environments. Using a 97% similarity cut-off, sequence 

libraries from ocean surface and fog isolates shared eight operational taxonomic units (OTU's) in 

total, three of which were the most dominant OTU's in the library, representing large fractions of 

the ocean (28%) and fog (21%) libraries. The fog and ocean surface libraries were significantly 

more similar in microbial community composition than clear (non-foggy) and ocean surface 

libraries, according to both Jaccard and Sorenson indices. These findings provide the first 

evidence of a difference in community composition and microbial culturability of aerosols 

associated with fog compared to clear conditions. The data support a dual role for fog in 

enhancing the fallout of viable microbial aerosols via increased gravitational settling rates and 

decreased aerosolization stress on the organisms, which may include relief from UV inactivation, 

desiccation, and oligotrophic microconditions. This study provides a strong case for ocean to 

terrestrial transport of microbes and a potential connection between water quality and air quality 

at coastal sites. 

Introduction 
	  

Current global estimates of bacterial concentrations in the atmosphere (microbial 

aerosols) range from 1 x 104 to 6 x 105 cells m-3 depending on ecosystem type (Shaffer and 

Lighthart 1997; Bauer, Kasper-Giebl et al. 2002; Burrows, Elbert et al. 2009). Despite the existence 

of this ubiquitous microbial reservoir, the sources maintaining this microbiome remain 

understudied, as do the environmental factors that control the abundance, viability, diversity, 

and deposition dynamics of microbial aerosols. Aerosolized bacteria can reproduce under 

controlled laboratory conditions (Dimmick, Wolochow et al. 1979; Dimmick, Wolochow et al. 
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1979) and have the metabolic potential to biogeochemically mediate atmospheric chemistry 

(Ariya, Nepotchatykh et al. 2002; Amato, Menager et al. 2005; Vaitilingom, Charbouillot et al. 

2011). There is also growing evidence that microbial aerosols impact climate by serving as fog, 

cloud, and ice nucleators (Posfai, Anderson et al. 1995; Hamilton and Lenton 1998; Bauer, Giebl 

et al. 2003; Ariya, Sun et al. 2009; Ekstrom, Noziere et al. 2010). Finally, the atmospheric 

transport of microbes between ecosystem types, such as from African desert soils to the 

Caribbean Sea (Prospero, Blades et al. 2005), or from ocean surface to land in coastal systems 

(Dueker, Weathers et al. 2011), has important implications for our understanding of microbial 

biogeography and genetic exchange among seemingly isolated microbiomes.  

Within the context of biogeochemical fluxes from ocean to land, aerosols provide a 

mechanism for transfer of microbes, nutrients, and pollutants. Marine particulates (including 

marine microbes) are known to enrich ambient aerosols in the air layer above marine waters 

(Kuznetsova, Lee et al. 2004; Aller, Kuznetsova et al. 2005; Seinfeld and Pandis 2006), and are 

delivered inland at coastal sites during onshore winds (Vignati, de Leeuw et al. 1999; de Leeuw, 

Neele et al. 2000; Dueker, O'Mullan et al. 2011). Three mechanisms dominate the supply of 

marine particulates to the atmosphere:  bubble eruption (Woodcock 1953; Blanchard and Syzdek 

1971; Marks, Kruczalak et al. 2001), wind-wave interactions (Fitzgerald 1991), and, at coastal 

sites, wave-shore interactions (de Leeuw, Neele et al. 2000) (Dueker, Weathers et al. 2011). The 

contribution of these supply mechanisms to the community composition and transport of coastal 

microbial aerosols has rarely been studied.  

Even less is known about the environmental factors that enable microbes to persist in the 

atmosphere after aerosolization in the near-shore environment. UV exposure, desiccation, 

temperature shock, pH reduction and oligotrophic microconditions can inactivate marine 
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microbes upon ejection from surface waters. Researchers have suggested a number of 

mechanisms that may foster persistence of aerosolized microbes, including carotenoid 

pigmentation (Amato, Menager et al. 2005), high humidity (Griffiths and Decosemo 1994), 

association with larger gel-like particles formed from marine organic matter (Aller, Kuznetsova 

et al. 2005), and incorporation into fog or cloud droplets (Fuzzi, Mandrioli et al. 1997; 

Deguillaume, Leriche et al. 2008). Fog may be particularly important to microbial aerosol 

viability in coastal environments given its frequent occurrence at many temperate coastal sites 

(Weathers, Likens et al. 1988; Weathers 1999; Weathers, Lovett et al. 2000; Dueker, Weathers et 

al. 2011). Despite the fact that fog greatly increases the deposition of culturable microbes and 

fungi (Fuzzi, Mandrioli et al. 1997; Dueker, Weathers et al. 2011), and pathogenic viral particles 

(Castello, Lakshman et al. 1995), a molecular analysis of viable microbes in fog water has never 

before been reported. The effects of fog on microbial aerosol viability also remain unknown. 

This study uses field and molecular data to address some of the fundamental gaps in 

current knowledge about sources of microbial aerosols in coastal environments and the 

environmental factors that influence their viability. First, we examined the impact of fog and 

onshore winds on culturable microbial fallout rates and microbial community composition. 

Coastal fog can increase viable microbial fallout via two mechanisms:  increased gravitational 

settling rate, through the condensation of water on existing particles during fog formation, and 

enhanced microbial viability, through relief from aerosolization stressors including UV 

inactivation, desiccation, and oligotrophic microconditions (Fuzzi, Mandrioli et al. 1997; Dueker, 

Weathers et al. 2011). In this study, we tested the potential importance of enhanced viability by 

comparing the community composition of culturable microbial aerosols under clear and foggy 

conditions. If fog enhances microbial viability, the culturable microbial aerosols falling out under 



38	  

	  

clear conditions should be distinct from those falling out under foggy conditions. Specifically, the 

microbial fallout during clear (non-foggy) conditions would be expected to consist of microbes 

that are more resistant to desiccation, UV exposure, and other environmental stresses. We 

further predict that the presence of increased onshore winds during fog events will increase 

transport distances of larger aerosol particles, resulting in decreased microbial fallout rates and 

increased importance of marine microbes in microbial aerosols depositing near-shore. Second, 

we tested the prediction that local production from adjacent ocean surfaces is the primary source 

of viable microbial aerosols falling out near-shore (Dueker, Weathers et al. 2011) via the 

aforementioned supply mechanisms by comparing microbial composition in coastal aerosols and 

ocean surface water under variable environmental conditions (changing onshore wind speeds 

and fog presence/absence). If ocean and aerosol microbial communities are linked through local 

production from the ocean surface, microbes depositing near-shore should be genetically most 

similar to organisms found in the marine environment.  

Methods 
	  

The study site was located on a south-facing shore of Southport Island, ME, USA 

(N43.80261 W69.66841). Sampling occurred June 28 - July 7, 2008; Sept. 8 - Sept. 14, 2008; and 

June 28 – Aug. 4, 2009. To measure one-minute temperature, wind speed, wind direction, and 

humidity, a Vantage Pro2 Plus Weather Station (Davis Instruments, Hayward, CA) was installed 

5 m above ground level within 20 m of aerosol particle sampling. Wind direction was used to 

assess local origin of sampled aerosols (onshore = marine, offshore = terrestrial). Wind speed, 

temperature and humidity were used in the field to gauge the likelihood of fog formation. Field 

observations and time-lapse photography were used to track fog presence/absence. 
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Microbial aerosols are attached to aerosol particles in a range of sizes, which determine 

gravitational settling rates and transport distance. To discern influences of fog and wind speed on 

aerosol particle size distribution, we used a Met One 9012 Ambient Aerosol Particulate Profiler 

(Met One Instruments, Grants Pass, OR) installed at a height of 2 m, within 9 m of the mean 

high waterline and 20 m of aerosol sampling. One-minute data in bins with boundaries of 0.3, 

0.5, 0.7, 1, 2, 3, 5, and 10 µm diameter (Dp) (cut-off of ~ 30 μm) were continuously logged.  

The aerosolization process creates a mix of viable and non-viable (damaged/dead) 

bacteria in ambient aerosols. Whereas culture-independent methods sample both viable and 

non-viable cells, culture-based sampling methods measure only the cells with metabolic 

machinery intact upon deposition. This distinction is important in terms of understanding the 

potential for biogeochemical transformations and for issues related to pathogen ecology and 

public health. Because not all viable bacteria are capable of growth on every media type, the 

results from this method provide a relative measure of culturable, and therefore viable, microbial 

aerosol fallout. To measure the culturable microbial aerosol population falling out near-shore, we 

exposed replicate (2 - 4) petri dishes containing LB media (Luria Bertani Agar, Miller, Fisher 

Scientific) to clear and foggy conditions for 30 minutes during onshore wind (or no wind) events. 

LB media was chosen specifically because it contains intermediate NaCl content and has been 

used in previous studies to culture diverse microbial aerosols in both terrestrial and coastal areas 

(Lighthart and Shaffer 1995; Shaffer and Lighthart 1997; Tong and Lighthart 1997). The plates 

were exposed within 20 m of the weather station and particle profiler on a platform 6 - 10 m 

from the mean high waterline and approximately 1 m above sea level. All plate exposures 

reported in this study were conducted when wind speeds were onshore and below 2 m s-1.  
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Exposed plates were incubated at room temperature (17.7 – 20.3 °C), and bacterial colony 

forming units (CFU) were characterized for pigmentation and counted on the 8th day. Pearson’s 

Chi-squared test was used to assess significant differences in pigmentation between ocean surface 

and aerosol colonies. Fungal colonies were observed but not included in the CFU count, and 

plates with fungal overgrowth were removed from analysis. Using number of CFU, duration of 

plate exposure, and area of agar exposed, microbial fallout rate (CFU m-2 s-1) was calculated and 

compared to onshore wind speeds. To assess culturability of ocean surface bacteria at the site, 

near-shore surface water (< 1 m depth) was collected during the first field season (2008), and 100 

μl was immediately spread on triplicate LB agar plates using sterile technique. These plates were 

incubated and enumerated under the same conditions described above for aerosol exposures. 

After enumeration, all media plates were stored at 4°C until colonies were sampled for molecular 

analysis. Material picked from colonies was suspended in 50 μl HyClone sterile water and boiled 

for 5 minutes to lyse the cells. This suspension was immediately frozen at -20°C until PCR was 

performed. 

To discern microbial aerosol community diversity and structure, 16S rRNA was amplified 

from picked colony suspensions using TopTaq DNA Polymerase (Qiagen, Valencia, CA) and 

universal bacterial primers 8F (5’-AGRGTTTGATCCTGGCTCAG -3’) and 1492R (5’-

CGGCTACCTTGTTACGACTT-3’) (Teske, Hinrichs et al. 2002) with 35 PCR cycles of 45 

seconds of denaturation at 94°C, 45 seconds of annealing at 55°C, and 1 minute elongation at 

72°C. Agarose gel electrophoresis was conducted to confirm amplification of a single-sized DNA 

fragment, and to ensure that DNA-free controls did not yield amplification product. Single-read 

sequencing using the 8F primer was performed on amplified PCR products by SeqWright 

Laboratories (Houston, TX). Sequences were quality-checked and edited using Geneious 
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software (Drummond, Ashton et al. 2010). Edited sequences yielding less than 350 base pairs of 

high quality sequence were removed from further downstream analyses. Sequences were. 

Remaining sequences (deposited in GenBank under accession numbers JQ657501 to JQ657701) 

were aligned using the Ribosomal Database Project (RDP) (Cole, Wang et al. 2009) and 

taxonomically classified using RDP’s naive Bayesian rRNA classifier at an 80% confidence level 

(Wang, Garrity et al. 2007). Using this classification, dominant genera from the library were 

identified as genera representing 5% or greater of the entire sequence library.	  

Sequence libraries from this study and other GenBank-published aerosol studies (Amato, 

Parazols et al. 2007; Fahlgren, Hagstrom et al. 2010; Cho and Hwang 2011; Urbano, Palenik et al. 

2011) were compared for significant differences in RDP’s Library Compare Tool (using the naive 

Bayesian rRNA classifier (Wang, Garrity et al. 2007)). To assess dominant source for culturable 

microbial aerosols from this study, each sequence was assigned one of four source categories 

(marine, terrestrial, marine + terrestrial, or aerosol) based on close matches with sequences 

reported in GenBank. Land animal and human sources were included in the terrestrial category, 

and ocean biota sources were included in the marine category. Closest matches (top hits) for all 

aerosol and ocean sequences were obtained using Geneious’ Megablast function on the GenBank 

database. The sequence hit with the highest bit-score and the highest % Identical Sites value was 

designated the top hit for each sequence, and the reported sequence source was recorded. If more 

than one top hit was identified, the source for each top hit was recorded, and the source with the 

majority of hits was used to assign the sequence source category. Pearson’s Chi-squared test was 

used to assess significant differences in categorical breakdowns between ocean surface and 

aerosol libraries. Unless otherwise specified, statistical analyses were performed using R statistical 

software (R Development Project 2008). 
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Jukes-Cantor corrected distance matrices constructed from aligned sequences in RDP 

were imported into the MOTHUR program (Schloss, Westcott et al. 2009) to assign operational 

taxonomic units (OTU’s) using the average neighbor algorithm at a 97% similarity cut-off. An 

OTU was considered dominant if it represented 5% or more of the overall sequence library. 

Using the OTU analysis, Chao’s Estimated Jaccard and Sorenson abundance-based similarity 

indices were calculated to evaluate similarities between the ocean sequence library and the clear 

and fog libraries. This method (performed in EstimateS (Colwell 2009)) corrects commonly-used 

Jaccard and Sorenson indices with an estimated true value of shared species (appropriate for use 

with small data sets) and allows for a bootstrapping approach (n = 200) to generate 95% 

confidence intervals (C.I.’s) for the resulting test statistic (Chao, Chazdon et al. 2005).  

Results 
	  

Meteorological conditions during plate exposures consisted of low wind speeds (< 2 m s-

1), high humidity, and frequent fog (Table 3.1). Fog presence and low wind speeds influenced 

mean aerosol particle size (Dp) (Figure 3.1). Under clear conditions, mean particle size was not 

significantly related to wind speed (R2 = 0.22, p = 0.137). However, with fog, mean particle size 

increased significantly with wind speed (R2 = 0.77, p < 0.01). During fog events, microbial aerosol 

fallout decreased as wind speeds increased (log-linear, R2 = 0.65, p < 0.01) (Figure 3.2), whereas 

fallout rates under clear conditions showed no relationship to wind speed (R2 = -0.03, p = 0.400) 

under the low wind conditions examined in this study.  

Overall, 86% of the culturable microbial aerosols were pigmented, and 76% of the 

culturable ocean bacteria were pigmented (significant difference, p < 0.01). After colony picking, 

PCR amplification, sequencing, and quality control, a total of 164 aerosol 16S rRNA sequences 
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(151 from foggy conditions, 13 from clear conditions) and 37 ocean sequences were used in 

further analyses. Sequences were assigned to 31 total bacterial genera at > 80% confidence level, 

with 5 dominant genera (Vibrio, Bacillus, Pseudoalteromonas, Psychrobacter, Salinibacterium) 

representing 66% of the overall sequence library (Table 3.2). The microbial aerosol library, as 

well as sequence libraries from previously published coastal/marine aerosol studies, were 

analyzed for phylogenetic diversity and found to be diverse at the phylum level and dominated 

by Proteobacteria, with additional representation from Firmicutes, Actinobacteria and 

Bacteroidetes (Figure 3.3). Within the Proteobacteria, Gammaproteobacteria dominated the 

microbial aerosol sequence library at this site (Figure 3.4), and Vibrionales made up 37% of that 

class (and 21% of the total sequence library).  

Source analysis of this study’s sequences revealed that 75% of the viable microbial 

aerosols falling out under foggy conditions were most similar to sequences previously detected in 

marine environments (Figure 3.5), which closely matched (and was not significantly different 

from (p = 0.58)) the source analysis of coastal ocean surface sequences. In contrast, microbes 

falling out under clear conditions had only 54% marine closest hits (however, the difference 

between clear and foggy sources was not significant (p = 0.187) (Figure 3.5). The remaining 46% 

of sequences from the clear condition library were most similar to GenBank sequences 

originating from terrestrial bacteria, including spore formers (Bacillus sp.), soil organisms 

(Burkholderia sp., Kocuria sp.) and other cosmopolitan bacteria (Serratia sp., Rhodococcus sp.). 

Sequences classified to the genera of Burkholderia, Kocuria, and Serratia were only found in the 

clear sequence library. 

Under foggy conditions, microbial aerosols depositing with no onshore winds (< 0.25 m 

s-1) had higher fallout rates and were taxonomically different from those depositing with 
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increased (although still relatively low (< 2 m s-1)) onshore winds (Figure 3.2). The no-wind 

sequence library had significantly more Flavobacteria (p < 0.01), Psychrobacter sp. (p < 0.01), and 

Bacillus sp. (p < 0.01), than the wind library. The wind library consisted of a significantly larger 

proportion of Vibrio sp. (p < 0.01) than the no-wind sequence library.  

OTU analysis of the total sequence library (fog, clear, and ocean combined) resulted in 76 

OTU’s, with 12 OTU’s detected under clear conditions, 58 under foggy conditions, and 19 from 

the ocean surface (Figure 3.6). There were 6 dominant OTU's in this total sequence library, each 

shared between two or more of the fog, clear, and ocean surface sequence libraries. 2 OTU’s 

(classified as Vibrio sp. and Bacillus sp.) were shared among all three libraries (Table 3.3). Fog 

and clear shared 3 additional OTU’s, while clear and ocean shared no additional OTU’s (Figure 

3.6). Fog and ocean shared 6 additional OTU’s, including the 3 most dominant OTU's 

(Psychrobacter sp., Pseudoalteromonas sp. (2 OTU's)) which represented large fractions of the 

ocean (28%) and fog (21%) sequence libraries. Overall, 54% of the ocean sequence library was 

represented by OTU's shared with fog.  

Five OTU's (classified as Psychrobacter sp., Pseudoalteromonas sp. (2 OTU's), 

Salinibacterium sp., and Vibrio sp.) dominated the fog sequence library, accounting for 36% of all 

fog sequences. The clear sequence library contained only 2 of these fog-dominant OTU’s 

(Salinibacterium sp. and Vibrio sp.), representing 15% of the clear sequence library (Table 3.3). 

Both Chao-Jaccard and Chao-Sorenson indices calculated using the OTU analysis indicated that 

fog and ocean microbial communities were significantly more similar in structure than clear and 

ocean libraries (Table 3.4).  
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Discussion 
	  
Local ocean surfaces are a dominant source of near-shore microbial aerosols. We found 

multiple lines of evidence, both physical and biological, supporting the prediction that local 

ocean surfaces serve as the dominant source of microbial aerosols in the near-shore coastal 

environment. First, the presence of increased (although still low) onshore winds during fog 

events at this site produced increased residence times for larger aerosol particles (which most 

likely originated from local sources given high settling rates of large particles), a simultaneous 

reduction in culturable microbial fallout, and a significant shift to marine organisms (specifically 

Vibrio sp.). Second, the majority of culturable microbial aerosol sequences were closely matched 

with GenBank sequences originating in marine environments (Figure 3.5). Third, the culturable 

microbial aerosol sequence library in both clear and foggy conditions shared dominant OTU’s 

with the ocean surface sequence library (Figure 3.6, Tables 3.2, 3.3). Fourth, on a taxonomic level, 

culturable microbial aerosols falling out at our site were more similar to those detected from a 

boat in coastal waters (Cho and Hwang 2011) than those detected from a terrestrial-based tower 

further inland (Fahlgren, Hagstrom et al. 2010); detected at greater sampling heights above the 

ocean surface (Urbano, Palenik et al. 2011); or detected in montane cloud water (Amato, 

Parazols et al. 2007) (Figure 3.3).  

As reported in Dueker et al. (2011), aerosol particle size and microbial fallout increase 

significantly under foggy conditions in this coastal environment. Here we demonstrate that 

aerosol particle size increased with increasing, but still low (< 2 m s-1), wind speeds under foggy 

conditions (Figure 3.1). Because onshore wind speeds  > 3.0 m s-1 are required for new local 

large-particle production from the ocean surface (Lewis and Schwartz 2004), this increase in 
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mean aerosol particle size was most likely a product of reduced deposition of pre-existing large 

particles, allowing them to reach the particle counter before deposition. Low onshore winds may 

have either increased horizontal transport of large particles before settling and/or decreased large 

particle settling rates through turbulence and wind shear.  

This interaction of low onshore winds and fog presence should result in primarily large, 

local aerosol particles depositing on plates when wind is present with fog, in contrast to a 

combination of local large and local small particles depositing under no-wind foggy conditions. 

The major taxonomic differences between no-wind and wind microbial fallout libraries was the 

significantly higher percentage of Vibrionales in the wind library and the higher percentage of 

Pseudomonadales (Psychrobacter sp.), Bacillales (Bacillus sp.) and Flavobacteria in the no-wind 

library. While we would expect that taxa would be randomly associated with particle size at the 

source or at the moment of aerosol formation, we can also expect a decrease in particle size with 

distance of transport. The no-wind library, then, may have had representation from both local 

marine (large and small particles) and remote marine/terrestrial sources (small particles), 

resulting in the increased frequency of “hardier” bacteria in the library (Bacillus sp. are spore-

formers, Pseudomonadales and Flavobacteria are noted by Agogue et al. (2005) to have UV 

resistance). This hypothesis is further supported by the significant dominance of 

Pseudomonadales in Gammaproteobacteria libraries (Figure 3.4) in Amato et al. (2007) and 

Fahlgren et al. (2010). Vibrionales, though common marine organisms, were absent in both 

Urbano et al.’s (2011) and Fahlgren et al.’s (2010) libraries but present in this study’s library and 

that of Cho et al. (2011). The differences in representation may be due to differences in media 

selection, or increased sampling distances from water surfaces, since Urbano et al. (2011) 

sampled over 12 m above the water surface and Fahlgren et al. (2010) sampled 200 m from the 
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shoreline. Vibrionales may no longer be culturable when they reach as far inland as Fahlgren et 

al.’s (2010) samplers, or may be attached to aerosol particles that settle quickly and do not reach 

the heights (> 12 m) sampled by Urbano et al. (2011). The Pseudomonadales, however, may be 

hardier and/or attached to smaller particles that transfer farther before depositing.  

The taxonomic comparison of previous coastal aerosol sequence libraries strongly 

suggests that Proteobacteria are the dominant phylum in coastal microbial aerosols (Figure 3.3) 

regardless of microbial sampling method (culture-based -- testing relative viability as in this 

study, or culture-independent -- DNA extraction of viable and non-viable cells from filters). 

Also, the class Gammaproteobacteria represented large fractions of most sequence libraries 

(Figure 3.4). Agogue et al. (2005) found that Gammaproteobacteria, specifically Pseudomonas sp. 

and Alteromonas sp., were highly resistant to solar radiation.  

Within the Gammaproteobacteria, it is notable that both of Fahlgren et al.’s (2010) 

libraries are missing the orders Alteromonadales, Vibrionales and Oceanospirillales, whereas 

these orders are prevalent in both this study and Cho et al. (2011). The difference in these 

libraries may be due to the proximity of sampling sites to the ocean surface, allowing for closer 

sampling sites to capture a broader range of locally-produced marine microbial aerosols attached 

to larger particles that settle out before being transported long-distances. Cho et al. (2011) 

sampled directly above ocean waters, allowing for the immediate capture of locally-produced 

microbial aerosols, whereas this study measured microbial aerosols 6 – 10 m inland. The 

prevalence of fog at this site may have allowed for increased survival time for these orders before 

depositing on exposed plates and suggests that these bacteria are more likely to be observed in 

locally produced aerosol particles that have not been exposed to the stressors associated with 

longer duration transport. However, the absence of these groups from the culture independent 
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library of Fahlgren et al. (2010) indicates that these groups are missing from the aerosols and not 

simply inactivated through aerosolization stress (since molecular approaches applied to total 

aerosols should detect inactivated cells as well). Potential removal processes in the near-shore 

environment include rapid aerosol particle settling rates through gravitational settling. 

Gravitational settling of aerosol particles is known to be modulated by winds, rain and fog 

(Seinfeld and Pandis 2006; Gultepe, Tardif et al. 2007; Dueker, Weathers et al. 2011). These 

influences should produce detectable changes in microbial aerosol community membership and 

structure, given differing residence times and transport distances of aerosol particles.  

Fog increases culturability of aerosolized marine microbes. As reported in Dueker et al. (2011), 

fog presence/absence did not have a statistically significant effect on total microbial aerosol 

concentrations at this site, but culturable microbial fallout increased significantly with fog 

presence. These results support the interpretation of increased microbial fallout during fog 

events as an increase in the number of cells depositing and/or increased viability of cells 

depositing. Results from molecular analyses of the culturable depositing microbial aerosols 

provide further evidence that fog increases the viability, and not just gravitational settling rates, 

of marine microbial aerosols in the near-shore environment. OTU’s dominant in the fog 

sequence library were marine in source and either were not present in or represented only small 

fractions of the clear sequence library. Compared to the clear sequence library, the fog sequence 

library was more similar in structure to the ocean sequence library (Table 3.4). Also, the clear 

sequence library contained a large number of sequences attributed to “hardy” terrestrial bacteria, 

indicating a selection by clear conditions for microorganisms able to withstand stresses 

associated with aerosolization, most of which were absent from fog and ocean libraries. 
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Earlier studies have reported increases in microbial aerosol viability with increased 

relative humidity (RH) (Griffiths and Decosemo 1994). Fog should be considered the extreme 

end member of an RH effects curve. Fuzzi et al. (1997) found that microbial aerosol numbers 

increased by one to two orders of magnitude with the presence of fog in an inland valley, and was 

the first to speculate that fog droplets could serve as culture media for aerosolized bacteria, 

enabling these bacteria to survive aerosolization stresses, metabolize and reproduce.  

If fog were merely increasing gravitational deposition of microbial aerosols, the fog 

sequence library from this study should be very similar to the clear library in structure. The very 

low microbial fallout rates encountered under clear conditions here (Figure 3.2) resulted in a 

small library (n = 13), but this library should at any rate be a subset of the larger fog library (n = 

151), with over-representation from the dominant OTU’s found in the fog. However, that was 

not the case. Also, although the clear sequence library was dominated by marine bacteria (Figure 

3.5), the other sequences represented “hardy” terrestrial bacteria, including spore formers 

(Bacillus sp.), soil organisms (Burkholderia sp., Kocuria sp.) and other cosmopolitan bacteria 

(Serratia sp., Rhodococcus sp.), indicating a more remote source representation in this library.  

The presence of fog, on the other hand, appeared to favor the culturability of certain 

groups often found in marine environments. The dominant class in the fog library was the 

Gammaproteobacteria, most notably the genera of Vibrio, Pseudomonadales and Psychrobacter 

(Table 3.2), which were overwhelmingly marine in the top hits source analysis. Also, the close 

resemblance of the fog library’s source (Figure 3.5) and significantly increased structural identity 

similarity (in contrast with the clear library) to the ocean library (Table 3.3) is strong evidence 

that fog enhanced the culturability, and therefore the viability, of local, marine-originated 

microbial aerosols, and that there was a strong coupling between ocean and fog microbial 
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content. This finding is the first evidence of a difference in community composition and 

microbial viability associated with fog compared to clear aerosol conditions and strongly 

supports a dual role for fog (physical and biological) in increasing culturable microbial aerosol 

fallout.  

Conclusion 
	  

This study connects patterns in the composition and deposition of microbial aerosols to 

physical environmental processes in a coastal environment. The data support the hypothesis that 

local production from the ocean surface dominates microbial aerosols in the near-shore 

environment. The data also strongly support the predictions made by earlier researchers that fog 

increases the viability of microbial aerosols, through both physical and biological processes.  

Our research provides a strong case for ecologically relevant ocean-terrestrial transfer of 

microbes in the near-shore environment:  fog and ocean are clearly microbially-coupled at the 

coast. Therefore, it appears that microbes in the coastal ocean surface dominate microbial 

aerosols in coastal fog. Other coastal surface water materials, including nutrients (Rinaldi, 

Facchini et al. 2009), that are ejected along with these marine microbes should also be dominant 

in coastal fogs (Weathers, Lovett et al. 2000). Our study showed that low winds moving this fog 

will increase the residence time, and therefore the inland transport, of larger colonized particles. 

Coastal fogs are known to move kilometers inland, which means that they have the potential to 

transport ocean nutrients and viable microbes to terrestrial systems seemingly isolated from the 

coastal environment (Weathers, Lovett et al. 2000; Ewing, Weathers et al. 2009). Implications of 

this transport include detectable feedbacks between terrestrial and coastal systems as a result of 

changes in land use and water use. Future research should be focused on the chemical, physical, 
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and biological interaction of ocean, atmosphere, and land. Particular attention to the potential 

connection between water quality and air quality at coastal sites is also warranted. 
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Tables 
	  
Table 3.1. Meteorological context during microbial fallout sampling events (under foggy and clear 
conditions) from coastal Maine, USA. 

 

	    

 Conditions Exposure 
Events 

Humidity 
(RH%) 

Wind Speed        
(m s-1) 

Temperature 
(°C) 

13 Sept. 2008 clear 2 94.9 ± 0.2 0.62 ± 0.11 15.87 ± 0.06 
13 Sept. 2008 foggy 4 96.9 ± 0.2 0.59 ± 0.04 14.93 ± 0.07 
16 July 2009 clear 5 89.8 ± 0.2 0.58 ± 0.05 18.76 ± 0.08 
17 July 2009 foggy 8 97.9 ± 0.1 0.03 ± 0.01 17.01 ± 0.04 
26 July 2009 foggy 5 98.8 ± 0.1 1.67 ± 0.16 17.82 ± 0.05 
2 Aug. 2009 foggy 4 98.6 ± 0.1 1.29 ± 0.11 17.64 ± 0.04 
2 Aug. 2009 clear 2 96.5 ± 0.3 1.89 ± 0.03 19.17 ± 0.07 
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Table 3.2. Dominant (≥ 5% of total library) genera in this study’s combined library (ocean surface + 
aerosols), coastal Maine, USA. OTU (#) refers to the total number of OTU’s found within that genus. 
OTU (%) is the percentage of the total OTU's (76) found in the combined libraries. Seq (#) is the number 
of total sequences assigned to that genus. Lib (%) is the percentage of the entire sequence library assigned 
to that genus. Top Hits Source refers to the source most common among all sequences in that genus (terr. 
= terrestrial). An “X” indicates the presence of this genus in the clear, fog, and/or ocean libraries. 

 

Table 3.3. Details for OTU's shared between clear, fog, and ocean sequence libraries, coastal Maine, USA. 
OTU analysis from MOTHUR program using average neighbor and 97% similarity cut-off. Seq (#) is the 
number of sequences represented by the OTU, Lib (%) is the percent of overall sequence library 
represented by the OTU. Clear (#), Fog (#), Ocean (#) refers to the number of sequences from each library 
represented by the OTU. Clear (%), Fog (%), Ocean (%) refers to the percent of each sequence library 
represented by that OTU. 

	  
  

Table 3.4. Results of similarity indices calculations comparing fog and clear libraries to the ocean library; 
samples collected from coastal Maine, USA. C.I. = confidence interval, Est. = estimated. 

	  
	   	  

Phylum Class Genera OTU 
(#) 

OTU 
(%) 

Seq 
(#) 

Lib 
(%) 

Top Hits 
Source 

Clear Fog Ocean 

Proteobacteria Gammaproteobacteria Vibrio 11 14% 39 19% marine X X X 
Proteobacteria Gammaproteobacteria Pseudoalteromonas 5 7% 30 15% marine  X X 
Proteobacteria Gammaproteobacteria Psychrobacter 4 5% 23 11% marine + terr.  X X 
Actinobacteria Actinobacteria Salinibacterium 4 5% 21 10% marine  X  

Firmicutes Bacilli Bacillus 6 8% 20 10% marine + terr. X X X 
  Total 30 39% 133 66%     

 

Class Genera Seq 
(#) 

Lib 
(%) 

Top Hits 
Source 

Clear 
(#) 

Clear 
(%) 

Fog 
(#) 

Fog 
(%) 

Ocean 
(#) 

Ocean 
(%) 

Gammaproteobacteria Vibrio 12 6% marine 1 8% 9 6% 2 5% 
Gammaproteobacteria Pseudoalteromonas 14 7% marine   6 4% 8 22% 
Gammaproteobacteria Cobetia 6 3% marine 1 8% 5 3%   
Gammaproteobacteria Vibrio 10 5% marine   5 3% 5 14% 
Gammaproteobacteria Psychrobacter 15 7% marine   14 9% 1 3% 
Gammaproteobacteria Vibrio 5 2% marine   4 3% 1 3% 
Gammaproteobacteria Pseudoalteromonas 13 6% marine   12 8% 1 3% 

Actinobacteria Salinibacterium 13 6% marine 1 8% 12 8%   
Gammaproteobacteria Listonella 3 1% marine   2 1% 1 3% 
Gammaproteobacteria Cobetia 2 1% marine 1 8% 1 1%   

Bacilli Bacillus 6 3% marine + terr. 2 15% 3 2% 1 3% 
    Total 6 46% 73 48% 20 54% 

 

 Ocean-Fog Ocean-Clear 
Shared OTU's 8 2 

Shared OTU's (Chao Est.) 11 3 
Jaccard (Chao Est.) 0.519 0.085 

Jaccard 95% C.I. 0.809 -- 0.229 0.216 -- -0.046 
Sorenson (Chao Est.) 0.683 0.157 

Sorenson 95% C.I. 0.979 -- 0.387 0.371 -- -0.057 
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Figures 
	  
Figure 3.1. Mean aerosol particle size (Dp, µm) plotted against mean wind speed (m s-1) during 
microbial aerosol sampling events under clear and foggy conditions, coastal Maine, USA. Solid 
curves indicate linear regression models. Under foggy conditions, R2 = 0.77 and p<0.01. Under 
clear conditions, R2 = 0.22 and p = 0.14.  
 

Figure 3.2. Mean microbial fallout (CFU m-2 s-1) plotted against mean wind speed (m s-1) during 
microbial aerosol sampling events under clear and foggy conditions, coastal Maine, USA. The 
solid curve is based on regression of log-transformed data for fog events, R2 = 0.65 and p < 0.01.  
 
Figure 3.3. Phylum-level classification of sequence libraries from this study’s data (coastal 
Maine, USA) and GenBank-published sequence libraries from marine/coastal/cloud studies 
using culture-based (c.) and/or culture-independent (c.i.) methods. Number of sequences (n), 
distance to shoreline (km) (x), and sampling height (km) (y) noted for each library. 
Classifications assigned using RDP’s Naive Bayesian rRNA Classifier (80% threshold) Version 
2.2, March 2010. An asterisk (*) indicates significant differences in phylum-level community 
structure from this study as per RDP’s Library Compare Tool, p < 0.01. An asterisk outside a bar 
indicates that the library is significantly missing a phylum (asterisk placed at same height as this 
study’s phylum breakdown). 
 
Figure 3.4. Classification of Gammaproteobacteria presence in sequence libraries from our data 
(coastal Maine, USA) and GenBank-published data from marine/coastal/cloud studies from 
Figure 3.3. Number of sequences (n), and percent of total library that the Gammaproteobacteria 
accounted for noted. Classifications assigned using RDP’s Naive Bayesian rRNA Classifier (80% 
threshold) Version 2.2, March 2010. An asterisk (*) indicates significant differences in phylum-
level community structure from this study as per RDP’s Library Compare Tool, p < 0.01. An 
asterisk outside a bar indicates that the library is significantly missing a phylum (asterisk placed 
at same height as this study’s phylum breakdown).  
	  
Figure 3.5. Top hits source analysis for clear, fog, and ocean sequence libraries (coastal Maine, 
USA). 
 
Figure 3.6. Venn diagram constructed from MOTHUR OTU analysis of coastal aerosol (during 
foggy and clear conditions) and ocean sequence libraries (Maine, USA), using the average 
neighbor algorithm with 97% similarity cut-off.  
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Figure 3.1. Wind speed and aerosol particle size under foggy and clear conditions 

 

Figure 3.2. Microbial fallout and wind speed under foggy and clear conditions 
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Figure 3.3. Phylum-level classifications of aerosol sequence libraries 

 

Figure 3.4. Classification of Gammaproteobacteria presence in aerosol sequence libraries 

	  



56	  

	  

 

 

Figure 3.5. Ocean, clear and fog sequence library top hits source analysis 

	  
	  

 
Figure 3.6. Venn diagram of ocean, clear and fog OTU analysis 
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Chapter 4:  Local environmental pollution strongly influences 
culturable microbial aerosols at an urban aquatic Superfund site 

Abstract 
	  

When microbial aerosols derive from local sources, pollution of terrestrial and aquatic 

environments could lead to unique microbial aerosol communities, with species composition 

reflecting polluted sources and possibly including pathogenic bacteria. To test the connection 

between local environmental pollution and microbial aerosols near an urban waterfront, we 

characterized microbial aerosols at Newtown Creek (NTC), a public waterway located in a 

densely populated area of the Hudson River Estuary (New York, NY, USA). NTC was recently 

designated a Superfund site due to high levels of sewage, hydrocarbon, heavy metal and other 

industrial pollutants. We measured the deposition of culturable (viable) bacteria from aerosols 

(microbial fallout) near-shore and culturable bacteria in local surface waters. DNA sequence 

analyses of these isolates were used to determine bacterial source and taxonomy. Culturable 

microbial fallout rate and surface water bacterial concentrations were at least an order of 

magnitude greater at NTC than at a neighboring, less polluted waterfront and a non-urban 

coastal site in Maine. The NTC microbial aerosol community was significantly different in 

structure from previous urban and coastal aerosol studies, particularly in relative abundances of 

Actinobacteria and Proteobacteria. Twenty-four percent of the operational taxonomic units 

(OTU's) in the NTC overall (air + water) bacterial isolate library were most similar to bacterial 

16S rRNA gene sequences previously described in terrestrial or aquatic environments 

contaminated with hydrocarbons, heavy metals, sewage and other industrial waste. This study is 

the first to examine the local deposition and community composition of microbial aerosols from 

an aquatic superfund site. The findings have important implications for the use of aeration 
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remediation in polluted aquatic environments and suggest potential pathways of microbial 

exposure in densely populated urban communities containing contaminated soil and water. 

Introduction 
	   	  

In 1978, Bovallius and colleagues observed that the density of airborne bacteria was 

dependent on location, with higher values reported for urban areas as opposed to non-urban 

areas (Bovallius, Bucht et al. 1978). Since then, further work has confirmed these findings 

(Burrows, Elbert et al. 2009) and shown that microbial aerosols are often locally produced both 

in terrestrial and aquatic environments (Maron, Lejon et al. 2005; Dueker, Weathers et al. 2011). 

Previous studies have established that bacteria, including pathogens, can remain viable after 

aerosolization from terrestrial and aquatic surfaces and travel a wide range of distances (several 

m to 1000’s of km) before deposition (Polymenakou, Mandalakis et al. 2008; Dueker, Weathers et 

al. 2011). This aerial transport mechanism represents a potential public health concern in many 

urban areas, where terrestrial and aquatic pollution are common, including the release of 

untreated sewage into local waterbodies.  

In aquatic systems, aerosols are primarily formed through the bursting of bubbles 

introduced to the water column by surface disruption (Monahan, Fairall et al. 1983; Blanchard 

1989; de Leeuw, Neele et al. 2000). When sewage is released into the surface waters of estuarine 

and coastal systems, the fresh water sewage, typically containing human pathogens, can remain 

in a density-stratified surface layer, where bubbles release this material into the air (Aller, 

Kuznetsova et al. 2005). Once aerosols are formed, onshore winds transport these particles over 

land, where they are eventually deposited through gravitational settling, inhalation, or surface 

interception. In the near-shore environment, particle deposition is dominated by large particles 
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(coarse aerosols) of local aquatic origin (Dueker, Weathers et al. 2011). The likely high 

concentration of infective agents in sewage discharges into urban waterways (Tourlousse, Ahmad 

et al. 2008; Korzeniewska, Filipkowska et al. 2009) coupled with the high density of people in the 

near-shore environment of urban waterways implies the potential for airborne infection if 

aerosol formation occurs at the water’s edge (Wells and Wells 1943).  

Past studies have found evidence of the transfer of sewage bacteria from water to air at 

coastal urban sites, including a 12x enrichment of sewage bacteria in coastal aerosols (Marks, 

Kruczalak et al. 2001) and increased inhalation contact with fecal coliforms during recreational 

activity in polluted coastal waters (Bradley and Hancock 2003). These concerns are not limited to 

coastal regions. Researchers have postulated connections between river contamination, air 

quality, and human health in the Sarno River Basin, Italy (Motta, Capunzo et al. 2008), and on 

the River Taff, United Kingdom, Wales (Pickup, Rhodes et al. 2005). Despite these examples of 

microbial connections between water and air quality, the contribution of bacteria from local 

waters to near-shore aerosols is poorly characterized, especially in urban areas.  

Previous studies of urban microbial aerosols have been conducted in land-locked 

geographical regions (Brodie, DeSantis et al. 2007), or have not focused on meteorological 

conditions conducive to microbial contributions from water surfaces (Bowers, Sullivan et al. 

2011; Ravva, Hernlem et al. 2012). Meanwhile, most waterfront microbial aerosols studies have 

been conducted in remote areas (Shaffer and Lighthart 1997; Fahlgren, Hagstrom et al. 2010; 

Dueker, Weathers et al. 2011), on a pier in open coastal waters (Urbano, Palenik et al. 2011), or 

during a Saharan dust storm (Polymenakou, Mandalakis et al. 2008). Moreover, these studies 

have generally focused on microbial aerosol concentrations and taxonomic identity, but have 

failed to provide information about the end fate of these aerosols, including their fallout rates and 
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viability upon deposition. This is a critical shortcoming because the taxonomic identity of 

bacterial aerosols is important for source attribution, and demonstrating viability of depositing 

bacteria is critical for public health and for understanding their role in ecological systems 

(Dueker, O'Mullan et al. 2012).. 

To test the microbial connection between local environment and urban microbial 

aerosols, we characterized fallout rates and taxonomic identity of viable bacteria in aerosols and 

water surfaces at Newtown Creek (NTC), a public waterway located in a densely populated area 

along the Hudson River Estuary (New York, NY, USA). NTC was recently designated a 

Superfund site because it receives high volumes of untreated sewage input via a combined sewer 

system, has been exposed to over 140 years of industrial waste dumping, and ongoing oil seepage 

occurs one of the largest underground oil spills in the country (Greenpoint Oil Spill:  

approximately 1.7 x 106 gallons of underground oil) (Woodruff and Miller 2007). Bacterial 

concentrations, including sewage indicators, in surface waters at NTC are routinely elevated 

above concentrations measured in many other parts of the HRE (Suter, Juhl et al. 2011). This site 

also houses a city-sponsored aeration remediation pilot project which results in periodic 

bubbling of the water column to increase dissolved oxygen levels (Burden, Hirst et al. 2008). 

These complex sources of pollution and the potential for enhanced local aerosol production of 

coarse aerosols, due to aeration, make NTC an ideal location to investigate the connection 

between local environmental pollution and microbial aerosol production, composition, and 

deposition.  

Our study addressed three hypotheses. First, if local sources, including water surfaces 

known to have high microbial concentrations, contributed to microbial aerosols at NTC, then 

microbial fallout at NTC would be significantly greater than at less polluted locations. Second, 
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because of high local levels of industrial and sewage pollution at NTC, microbial aerosols 

depositing in NTC should represent a unique microbial assemblage reflecting local polluted 

environments as a source, and contain both sewage and hydrocarbon-pollution-associated 

microbes. Third, aeration remediation of this public waterway would alter the concentration and 

microbial composition of aerosols at NTC compared to samples collected when aeration was not 

occurring. To test these hypotheses, we measured aerosol concentrations and size distributions, 

microbial fallout rate, and bacterial community composition of viable isolates from water and 

aerosols at NTC and compared these results to other less polluted urban and coastal 

environments. This study is the first to examine the local deposition and community 

composition of microbial aerosols from an aquatic superfund site. The findings have important 

implications for the use of aeration remediation in polluted aquatic environments and suggest 

potential pathways of microbial exposure in densely populated urban communities containing 

contaminated soil and water. 

Methods 
 
Study Sites. Microbial fallout sampling was conducted during onshore wind conditions at two 

waterfront sites on the Hudson River Estuary (HRE) in New York, USA. The main site was 

located on Newtown Creek (NTC), in Brooklyn, NY, USA (40.711731 N, 73.931431 W), a highly-

polluted tributary of the Hudson River Estuary (Mugdan 2011). Sampling at this site (8 

September 2010 – 20 November 2010) was conducted from the Riverkeeper patrol boat, R/V R. 

Ian Fletcher (www.riverkeeper.org), which was moored to a bulkhead adjacent to the aeration 

remediation installation. Samples were collected over the course of 5 full sampling days (3 days 

with the aerator on, 2 days with the aerator off). 
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Louis Valentino Pier (LVP) (40.67838 N, 74.01966 W), also on the HRE in Brooklyn, NY, 

USA, was sampled as a comparison site. Because LVP is on the open waterfront of NY Harbor, it 

experiences much greater water flushing than the NTC site. LVP is upwind of the NTC site 

during onshore winds, and onshore winds travel over several km of open NY Harbor water 

before reaching LVP samplers, providing a contrast to the densely-populated, polluted 

conditions at the NTC waterfront site. Sampling at LVP was conducted from 6 April 2011 – 8 

June 2011.  

Meteorological conditions and aerosol concentrations. At both sites, sampling was conducted 

only under conditions with no wind or low (< 4 m s-1) onshore winds. Wind speed, wind 

direction, humidity, and temperature data were collected from the Hudson River Environmental 

Conditions Observing System (www.hrecos.org), the personal weather station network through 

Weather Underground (www.wunderground.com), and through an onsite Vantage Pro2 Plus 

Weather Station (Davis Instruments, Hayward, CA) deployed during sampling. At NTC, onshore 

winds resulted in samplers being downwind of the aeration remediation when it was operating.  

At both NTC and LVP, a stationary Met One 9012 Ambient Aerosol Particulate Profiler 

(Met One Instruments, Grants Pass, OR, USA) was used onsite to quantify coarse and fine 

aerosol particle concentrations during sampling. At NTC, the profiler was placed on the research 

vessel at about 2.5 m above water level. At LVP, the profiler was placed at 2.0 m above the pier 

decking (2.5 – 5 m above water level). One-minute data from this monitor were recorded in bins 

of 0.3, 0.7, 1, 2, 3, 5, 7 and 10 µm particle diameter (Dp), with a particle cut-off of approximately 

Dp = 30 μm. This range of particle sizes covers both the fine (Dp = 0.3 - 2 µm) and coarse (Dp = 2 

- 30 µm) aerosol particle modes (Seinfeld and Pandis 2006). Effect of aerator operation was tested  

on coarse aerosol concentrations because this particle mode is where particles containing 
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bacteria of local surface origin would most likely be found (Lighthart, Shaffer et al. 1991; Dueker, 

Weathers et al. 2011). Aerator effects were tested using Student’s T Test on coarse aerosol 

concentration data pooled by day. Statistical analyses in this study were conducted using R 

statistical software (R Development Project, 2008).  

Microbial fallout. Culturable microbial fallout rate was measured at both sites by exposing 

triplicate agar plates to ambient aerosols on a platform oriented to onshore winds. The use of 

growth media plate exposures, in contrast to culture-independent approaches, ensured that the 

microbes enumerated and characterized using molecular genetic approaches were viable and 

therefore able to contribute to infective load or ecological function. Although this approach 

results in a useful measure of relative viability, it also underestimates the total numbers of viable 

microbes depositing since not all viable microbes are culturable with available media. For this 

study, Luria Bertani (LB) media (Miller, Fisher Scientific) was used to culture both aerosol and 

surface water bacteria. This medium has been used in previous studies to grow diverse microbial 

assemblages from aerosols and water samples in a wide range of environments, including urban 

sites (Shaffer and Lighthart 1997; Dueker, O'Mullan et al. 2012). At the NTC site, plates were 

exposed at 2.5 m above the water surface, and at the LVP site plates were exposed at 2.0 m above 

the pier decking (2.5 – 5 m above water surface). To prevent over-growth of bacterial colonies 

(and therefore inaccurate counts), plates at NTC were exposed for 10 minutes (on average, with a 

5-20 minute range), whereas plates at LVP were exposed for an average of 40 minutes (times 

ranged from 20 – 60 minutes). If differences in exposure times introduced any bias, it was 

expected that shorter exposure times would lead to underestimates of microbial fallout rates, 

which would lead to conservative estimates of differences between sites.  
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After exposure in the field, plates were incubated in the laboratory for 5 days at 25ºC 

(room temperature) in the dark, after which colony-forming units (CFU) were counted, isolated 

and individually characterized using molecular genetic approaches. Microbial aerosol settling 

rate (CFU m-2 s-1) was calculated using the surface area of the exposed petri dishes (0.0079 m2) 

and the duration of exposure. To assess culturability of ocean surface bacteria at the site, near-

shore surface water (< 1 m depth) was spread on triplicate LB plates using sterile technique. 

These plates were incubated and enumerated under the same conditions described for aerosol 

exposures. Microbial fallout rates and surface water bacterial concentrations were log-normally 

distributed, so the geometric mean was used as the best estimate of central tendency. Differences 

in the geometric mean of microbial fallout rates and culturable surface water bacteria 

concentrations between sampling sites were tested using Student’s t-test on log-transformed data. 

The same method was applied to detecting differences in geometric means of NTC microbial 

fallout rate according to aerator operation mode (on/off). 

According to a recent review, global estimates of bacterial emissions from aquatic 

surfaces range from 50 – 1000 cells m-2 (Burrows, Elbert et al. 2009). This range estimate was 

calculated using a surface water bacterial concentration of 4.2 x 106 cells ml-1, yielding bacterial 

emission/surface water bacteria concentration ratios of 1.2 x 10-5 – 2.4 x 10-4. Making the 

assumption that bacterial emissions = bacterial fallout at steady state, we created a bacterial 

“emissions envelope” by plotting these ratio endmembers and comparing them with microbial 

fallout rates and surface bacteria concentrations from NTC, LVP, and coastal Maine (Dueker, 

Weathers et al. 2011). While it is unlikely that all microbial aerosols at any site are strictly aquatic 

in source, this “emissions envelope” gives perspective on where points would fall within the 

global estimates of aquatic emissions from water surfaces. 
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Molecular analyses of NTC microbial aerosols. After enumeration, all NTC media plates were 

stored at 4°C until colonies were sampled for molecular analysis. Material picked from colonies 

was suspended in 50 μl of HyClone sterile water (ThermoScientific, Logan, UT, USA) and boiled 

for 5 minutes to lyse the cells. This suspension was immediately frozen at -20°C until PCR was 

performed. To discern surface water and microbial aerosol community diversity and structure, 

16S rRNA genes were amplified from picked colony suspensions using TopTaq DNA Polymerase 

(Qiagen, Valencia, CA) and universal bacterial primers 8F (5’-AGRGTTTGATCCTGGCTCAG -

3’) and 1492R (5’-CGGCTACCTTGTTACGACTT-3’) (Teske, Hinrichs et al. 2002) with 35 PCR 

cycles of 45 seconds of denaturation at 94°C, 45 seconds of annealing at 55°C, and 1 minute 

elongation at 72°C. Agarose gel electrophoresis was then conducted to confirm amplification of a 

single-sized DNA fragment, and to ensure that DNA-free controls did not yield amplification 

product.  

Single-read sequencing using the 8F primer was performed on amplified PCR products 

by SeqWright Laboratories (Houston, TX, USA). Sequences were quality-checked and edited 

using Geneious software (Drummond, Ashton et al. 2010). Edited sequences yielding less than 

300 base pairs of high quality sequence were removed from further downstream analyses. 

Remaining sequences were aligned using the Ribosomal Database Project (RDP) (Cole, Wang et 

al. 2009) and taxonomically classified using RDP’s naive Bayesian rRNA classifier at an 80% 

confidence level (Wang, Garrity et al. 2007). Using this classification, dominant genera from the 

library were identified as genera representing 5% or greater of the entire sequence library. 

Microbial aerosols from the NTC site and other published studies (Brodie, DeSantis et al. 2007; 

Polymenakou, Mandalakis et al. 2008; Fahlgren, Hagstrom et al. 2010; Lee, Lee et al. 2010; 
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Dueker, O'Mullan et al. 2012) were compared for significant differences in community structure 

(at p < 0.01) at the phylum level. Sequence libraries for this comparison were downloaded from 

GenBank and compared to this study’s library using RDP’s Library Compare Tool (Wang, 

Garrity et al. 2007).  

Source analyses of NTC microbial aerosols. To assess dominant source for bacteria in both 

aerosols and surface waters, a top hits analysis was performed on representative sequences 

(which will be uploaded to GenBank upon acceptance of this manuscript for publication) of 

operational taxonomic units (OTU's) as assigned by the MOTHUR program (Schloss et al., 

2009). Specifically, Jukes-Cantor corrected distance matrices constructed from aligned sequences 

in RDP were imported into MOTHUR, where OTU’s were assigned using the average neighbor 

algorithm at a 97% similarity cut-off. Representative sequences for each OTU were determined 

by MOTHUR (i.e. the sequence that was the minimum distance to the other sequences in the 

OTU), and then blasted against the GenBank database using Geneious’ Megablast function. The 

sequence hit with the highest bit-score was designated the top hit for each sequence, and the 

reported sequence source was recorded. If more than one top hit was identified, the source for 

each top hit was recorded, and the source with the majority of hits was used to assign the 

sequence source category. This breakdown included the categories of “terrestrial”, “aquatic”, and 

“aerosol”. Top hits were also classified by association with polluted environments. If a top hit, or 

sequences among multiple top hits, were reported as having been sampled from a polluted 

environment, the type of contaminant and environment was recorded, resulting in the 

categorization of each OTU as “unpolluted” or “polluted” and pollution type noted as “oil”, 

“sewage”, “heavy metal”, or “other.”  
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Results 
	  
Effects of local pollution on microbial fallout rates and community composition. During 

microbial fallout sampling at NTC, onshore winds were low (2.7 ± 0.2 m s-1), and relative 

humidity (RH) was 45.1 ± 6.8% (Table 4.1). As hypothesized, the geometric mean of microbial 

fallout rate at NTC (2.00 ± 0.50 CFU m-2 s-1) was significantly higher (p < 0.01) than those 

measured at the comparison site (LVP, 0.26 ± 0.05 CFU m-2 s-1) and a previously published non-

urban coastal site (Dueker, Weathers et al. 2011) (coastal Maine, USA, 0.09 ± 0.05 CFU m-2 s-1) 

under similar low onshore wind conditions (Figure 1, Table 4.1). 

PCR amplification and sequencing of microbial aerosol and surface water isolates 

resulted in a sequence library of 530 isolates after quality control:  239 microbial aerosol 

sequences and 291 surface bacteria sequences. This isolate library included diverse bacteria from 

4 phyla:  Bacteroidetes, Firmicutes, Actinobacteria, and Proteobacteria (Figure 4.2). Other urban 

and coastal aerosol libraries using both culture and culture-independent techniques had similar 

phylum representation, but the NTC microbial aerosols were significantly different in 

community structure from all libraries, particularly in terms of representation in the 

Proteobacteria and Actinobacteria (Figure 4.2). Within the Actinobacteria, NTC microbial 

aerosols contained significantly more Microbacterium than all other comparison libraries (p < 

0.01). 

The genera Microbacterium, Pseudomonas, Shewanella, and Bacillus dominated the total 

sequence library at NTC (Table 4.2). Microbacterium, Pseudomonas, and Shewanella were 

present in both aerosols and surface waters, but Microbacterium were more commonly found in 

microbial aerosols, and Pseudomonas and Shewanella were more commonly found in surface 
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waters (Table 4.2). Bacillus was only detected in microbial aerosols, and Vibrio was only detected 

in surface waters. Bacteria classified as gram-positive dominated microbial aerosols (> 75%) and 

gram-negative bacteria dominated surface waters (> 90%). Genera known to include human 

pathogens were present both in surface waters and microbial aerosols at this site (Table 4.3). 

These genera comprised large portions of both libraries, representing 44% of all surface water 

isolates and 74% of all aerosol isolates.  

OTU analysis of the combined surface water and aerosol isolate sequences yielded 212 

OTU’s, 93 in the surface water library and 124 in the aerosol library. Five OTU’s (representing 

8% of the total sequence library) were shared between surface waters and aerosols. The shared 

OTU's represented 10% of the surface water isolates and 5% of the aerosol isolates, and were 

classified as Shewanella sp., Pseudomonas sp. (2 OTU’s), an unclassified Pseudomonadacea, and 

Microbacterium sp. The source analysis of representative sequences for each OTU revealed that 

bacteria previously detected in terrestrial environments made up 83% of total aerosol OTU's and 

42% of the total surface water OTU's. Also, 15% of the total aerosol OTU's were most similar to 

sequences previously detected in aquatic environments. As hypothesized, 50 OTU’s, representing 

28% of the total sequence library (26% of surface water isolates, 23% of aerosol isolates), were 

most similar to organisms found in environments contaminated by heavy metals, hydrocarbons, 

sewage, and other industrial waste (Figure 4.3).  

Effects of aeration remediation on microbial fallout rates and community composition. As 

we hypothesized, NTC coarse aerosol concentrations pooled by day increased significantly (p < 

0.05) when the aerator was on (4.52 (± 0.9) x 105 m-3) as opposed to when the aerator was off 

(1.86 (± 0.76) x 105 m-3). The difference in microbial fallout rates with aerator operation was not 

as pronounced, however. The geometric mean of microbial fallout rates was higher when the 
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aerator was on (2.12 ± 0.71 CFU m-2 s-1) than when the aerator was off (1.72 ± 0.57 CFU m-2 s-1), 

but the difference was not statistically significant (p = 0.6802). The geometric mean of culturable 

surface bacterial concentrations, however, was almost an order of magnitude lower when the 

aerator was on (4.1 (± 0.3) x 103 CFU ml-1) than when the aerator was off (2.43 (± 0.09) x 104 

CFU ml-1) (p < 0.01). With the aerator off, plotting NTC microbial fallout rate versus surface 

bacterial concentrations was well within the Burrow’s et al. (2009) “emissions envelope,” but 

when the aerator was on the point was well above the envelope (Figure 4.4). 

Molecular analysis of microbial aerosols and culturable surface bacteria revealed 

differences in microbial taxonomy with aerator operation. There were significantly more (p < 

0.05) Microbacteriacea (particularly Microbacterium) in surface waters when the aerator was on 

compared to when the aerator was off. The same was true for aerosols, with significantly more 

Microbacterium (p < 0.05) present when the aerator was on than when the aerator was off. 

Sewage OTU’s were present in surface waters both when the aerator was on and off, but were 

only found in aerosols when the aerator was on.  

Discussion 
	  

This study provided evidence of substantial influences of local environmental pollution 

on microbial aerosols at NTC, a Superfund waterway. As predicted, microbial fallout rates were 

significantly elevated at NTC when compared to a neighboring waterfront site and coastal Maine. 

Also, the microbial aerosol community composition at NTC was unique when compared to other 

coastal and urban aerosol studies, reflecting heavy sewage and industrial pollution in the local 

terrestrial and aquatic environment. Furthermore, aeration remediation of this waterway resulted 
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in increased aerosol production from surface waters, strengthening the connection between 

water and air quality at this Superfund site. 

While the surface waters of NTC were previously known to sustain elevated surface water 

bacterial counts (Suter, Juhl et al. 2011), the microbial aerosols data presented here are the first 

confirmation that the air at this Superfund site also supported high bacterial loads. The elevated 

microbial fallout rate at NTC may in fact be due to these elevated surface water bacterial 

concentrations. The ratio of microbial aerosols to surface water bacterial concentrations at this 

site when the aerator was off fit well within the “emissions envelope” developed using Burrows et 

al. (2009) estimates for bacterial emissions from surface waters (Figure 4.4). Previous researchers 

have also reported similar relationships between local aquatic surface bacterial concentrations 

and microbial aerosol loading. Under controlled experimental conditions, Hultin et al. (2011) 

found a linear relationship between culturable bacterial concentrations in coastal surface waters 

and culturable microbial aerosols produced from simulated wave action. Also, Bradley et al. 

(2003) found a positive correlation between aerosolized seawater coliforms and increased 

recreational activities in coastal waters.  

Given the complex urban setting of the NTC site, microbial aerosols most likely derive 

from both terrestrial and aquatic surfaces, but the community composition of both surface water 

and aerosol bacteria indicate that surface waters were a major contributor to aerosols. While 

terrestrial sources did appear to dominate microbial aerosols (83% of aerosol OTU’s), they also 

dominated surface waters (42% of surface water OTU’s). This means that the reported 

percentage of aquatic-associated bacteria in microbial aerosols (15%) can be considered a lower 

limit estimate of the water-air transfer of bacteria occurring at this site. NTC water and air isolate 

libraries also shared dominant genera and OTU’s, particularly Microbacterium (soil bacteria) and 
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Pseudomonas (aquatic bacteria), further evidence that local surface waters had a strong influence 

on microbial aerosol communities at NTC.  

As predicted, the heavy aquatic and terrestrial pollution at this site appears to have 

produced a unique microbial aerosol community at NTC, as demonstrated by the significant 

phylum-level differences between the NTC aerosols library and other published urban and non-

urban aerosol libraries (Figure 4.2) (Brodie, DeSantis et al. 2007; Polymenakou, Mandalakis et al. 

2008; Fahlgren, Hagstrom et al. 2010; Lee, Lee et al. 2010; Dueker, O'Mullan et al. 2012). While 

some of these differences may be a function of media selection, Fahlgren et al. (2010) and Bowers 

et al. (2011) observed that culture-based techniques do generally succeed in sampling dominant 

bacterial types in microbial aerosols (both urban and non-urban). The significant dominance of 

Actinobacteria (particularly the soil-associated Microbacterium) at NTC, when compared to 

other studies, may stem from the long-term ecological impact of NTC’s heavy pollution loading. 

Actinobacteria are known to process hydrocarbons and heavy metals in both terrestrial and 

aquatic environments (Kastner, Breuerjammali et al. 1994; Gremion, Chatzinotas et al. 2003; 

Zhuang, Tay et al. 2003), and have been dominant in past culture-based studies of sewage-

polluted coastal waters (Agogue, Casamayor et al. 2005). Furthermore, 23% of NTC microbial 

aerosols were close matches with bacteria previously associated with heavy metal, hydrocarbon, 

and sewage contamination (Figure 4.3). 

Although association with polluted environments does not mean that a bacterium is 

necessarily a public health concern, it does suggest that the impact of polluting water and soil is 

not restricted to these surfaces and instead also impacts the types of microbes found in local air 

masses. In addition, the presence of sewage-associated bacteria in surface waters indicates high 

likelihood of pathogen presence in both the water and air. The potential for polluted public 
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waterways to incubate or act as a reservoir for pathogens that can then be emitted to the air has 

important public health implications, particularly in crowded urban environments. NTC surface 

waters are known to frequently contain high concentrations of Enterococcus sp. (Suter, Juhl et al. 

2011), which are used as indicators of the presence of sewage and associated pathogens known to 

cause gastrointestinal illnesses (Wade, Pai et al. 2003). Our sampling further confirmed the 

presence of genera known to contain pathogenic bacteria in NTC surface waters (Table 4.3), 

including Aeromonas, Enterobacter, Enterococcus, Francisella, and Vibrio. Furthermore, 

Acinetobacter, Microbacterium, and Psychrobacter, genera often implicated in opportunistic 

infections, were detected in viable state both in surface waters and aerosols. Microbial aerosols 

also harbored genera containing pathogens thought to be aquatic, such as Massilia (Van 

Craenenbroeck, Camps et al. 2011) and Roseomonas (Han, Pham et al. 2003).  

When compared to the neighboring reference site (LVP), surface waters at NTC harbored 

extraordinarily high culturable bacterial concentrations, 90% of which were gram-negative 

bacteria, which can pose a further public health concern in terms of increasing potential for 

aerosolization of microbial products, including endotoxins and other lipid antigens (Scanlon, 

Thomas et al. 2011). Negative health consequences have been documented for human exposure 

to aerosolized endotoxins in sewage treatment facilities (Melbostad, Eduard et al. 1994; Pillai and 

Ricke 2002; Douwes, Thorne et al. 2003; Smit, Spaan et al. 2005; Gangamma, Patil et al. 2011), 

but have not yet been explored in urban public waterways with high sewage inputs and potential 

aerosol production from surface waters through mechanisms including recreational activities, 

commercial boat traffic, and aeration remediation.  

Although aerosol creation through aeration remediation of a public waterway has not 

before been studied, researchers have found clear indications of aerosol creation (transfers of 
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both chemical and microbial content from air to water) in waste treatment plants using aeration 

technology (Beck and Radke 2006; Fracchia, Pietronave et al. 2006; Heinonen-Tanski, Reponen 

et al. 2009). In fact, both physical and molecular data at NTC suggest that the aeration 

remediation at this site strengthens connections between water surface and aerosol content. As 

hypothesized, coarse aerosol concentrations were significantly increased at NTC when the 

aerator was operating versus when it was off. Despite this clear signal of coarse aerosol 

production through aeration remediation, NTC microbial fallout rates with the aerator on were 

not significantly greater than microbial fallout rates measured with the aerator off as we had 

predicted. When the concomitant decrease in bacterial concentrations with aerator on is 

considered, however, microbial fallout rates actually exceed what would be expected by Burrows 

et al.’s emissions estimates (Figure 4.4). Also, the microbial composition of the aerosols changed 

when the aerator was on, providing further evidence of aerator-facilitated microbial aerosol 

production from surface waters. For instance, sewage-associated bacteria were detected in surface 

waters both when the aerator was on and off, but were only detected in microbial aerosols when 

the aerator was on. Also, Microbacterium significantly increased in relative abundance in both 

surface waters and aerosols when the aerator was on. These shifts in microbial composition with 

aerator operation strongly suggest that aeration of NTC waters increased production of viable 

microbial aerosols from surface waters. This finding, combined with the increased coarse aerosol 

concentrations with aeration operation, indicates that aeration remediation strengthens the 

connection between water quality and air quality at this public Superfund waterway. 
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Conclusion 
	  

This study presents evidence that heavily polluted local environments served as an 

important source of microbial aerosols at an aquatic Superfund site. The 16S rRNA gene 

sequence library obtained from NTC microbial aerosol and surface water bacterial isolates at 

NTC represents an unprecedented molecular look at the microbial communities in water and air 

at an urban aquatic Superfund site. The fallout rate of viable microbes was orders of magnitude 

higher at this site than at other less-polluted sites. The microbial aerosol community at this site 

reflected the unique, highly polluted terrestrial and aquatic urban environment surrounding it. 

Both microbial aerosols and water surfaces at this site were dominated by microbes highly similar 

to bacteria previously detected in polluted environments and from genera known to contain 

human pathogens. The air and water presence of these bacteria highlights an overlooked public 

health implication for microbial exchanges between water and air in polluted urban waterways, 

especially those undergoing aeration remediation. Aerosol production in these waterways, 

including pollution remediation approaches, may have unintended and unexplored health 

impacts on surrounding urban populations.  
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Tables 
	  
Table 4.1. Mean meteorological conditions during microbial fallout sampling at Newtown Creek (NTC, 
Brooklyn, NY, USA) and the comparison site, Louis Valentino Pier (LVP, Brooklyn, NY, USA).  

 
 

 

Table 4.2. Dominant genera in the Newtown Creek (NTC, Brooklyn, NY, USA) isolate library. 
Percentages represent the portion of n sequences represented by each genera in the Total Library (Surface 
Water + Aerosols), the Surface Water Library, and the Aerosols Library. Bold and italic percentages 
signify genera considered dominant in that library. 

 
 

	    

NC LVP

Exposure Events 11 16

Temperature (°C) 20.7 ± 3.0 18.4 ± 1.0

Relative Humidity (%) 45.1 ± 6.8 74.4 ± 3.4

Wind Speed (m s-1) 2.7 ± 0.2 1.7 ± 0.3

Coarse Aerosols (m-3 air) 3.9 (± 0.2) x 105 1.5 (± 0.1) x 105

Fine Aerosols  (m-3 air) 1.1 (± 0.1) x 108 2.3 (± 0.4) x 108
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Table 4.3. Genera known to contain human pathogens (including opportunistic infectors) sampled in 
water and air at Newtown Creek (NTC, Brooklyn, NY, USA). Genera assigned using Ribosomal Database 
Project (RDP), 80% confidence threshold. 

 

Figures 
 
Figure 4.1. Microbial fallout at Newtown Creek (NTC, Brooklyn, NY, USA) and comparison 
sites:  Louis Valentino Pier (LVP, Brooklyn, NY, USA) and Coastal Maine, USA. An asterisk (*) 
indicates significant difference (p < 0.01) from NTC microbial fallout rate. 
 
Figure 4.2. Comparison of Newtown Creek (NTC, Brooklyn, NY, USA) microbial aerosol 
community phyla with other published urban and coastal aerosol libraries. Studies were either 
culture-based (c.) or culture-independent (c.i.), and number of sequences used in the analysis 
noted (n =). An asterisk (*) indicates significant differences in phylum-level community 
structure from this study at p < 0.01. Please note that the Polymenakou et al. (2008) library was 
acquired in a small coastal city during a Saharan dust storm.  
 

 
Aerosols 

Surface 
Water 

Acinetobacter x x 
Aerococcus x   
Aeromonas   x 
Bacillus x   
Brevundimonas x   
Citrobacter 

 
x 

Comamonas   x 
Enterobacter   x 
Enterococcus 

 
x 

Exiguobacterium x   
Francisella   x 
Kocuria x   
Massilia x   
Microbacterium x x 
Micrococcus x   
Nocardiopsis x   
Paenibacillus x   
Paracoccus x   
Pseudomonas x x 
Psychrobacter x x 
Rhodococcus x   
Roseomonas x   
Sphingobacterium x   
Sphingomonas x   
Staphylococcus x   
Streptomyces x   
Vibrio   x 
!
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Figure 4.3. Pollution source analysis of OTU’s from Newtown Creek (NTC, Brooklyn, NY, USA) 
aerosols and surface waters. % of OTU’s with top hits from polluted environments from each 
library noted. Other = PCB, PAH, nuclear and/or unspecified polluted environments, sewage = 
organisms isolated from sewage, heavy metals = organisms isolated from heavy metal-
contaminated soils and water, oil = organisms isolated from oil-contaminated soils and water.  
 
Figure 4.4. Geometric mean of microbial fallout rates (CFU m-2 s-1) plotted against geometric 
mean of culturable surface water bacteria (CFU ml-1) for NTC (Brooklyn, NY, USA) and Louis 
Valentino Pier (LVP, Brooklyn, NY, USA) waterfront sites. Data from sampling in coastal Maine 
(Dueker et al. 2011) included for non-urban coastal reference. Horizontal and vertical bars 
represent geometric standard error (this can result in uneven error bars). If error bars are not 
visible, they are smaller than the plot point character. Dashed lines and shaded region represent 
the range of global bacterial emissions estimates from surface waters as calculated by Burrows et 
al. (2009). 
 

 

Figure 4.1. Microbial fallout at Newtown Creek (NTC) and comparison sites 
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Figure 4.2. Phylum-level comparison of microbial aerosol communities  
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Figure 4.3. Pollution type analysis of Newtown Creek (NTC) sequences 
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Figure 4.4. Microbial fallout versus surface water bacteria with global emissions envelope (grey shaded 
region) 
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Chapter 5: Wind strengthens microbial connections between water 
quality and air quality at an urban waterfront 

	  

Abstract 
	  

Wind production of aerosols from water surfaces creates a water-air transfer of aquatic 

materials including bacteria (microbial aerosols). In crowded urban coastal areas, this wind-

facilitated connection may result in the transfer of pathogenic bacteria and asthma agents from 

contaminated surface waters to urban air. We sampled at a NY Harbor site to assess wind 

modulation of aerosol concentrations and microbial aerosol fallout in the near-shore 

environment. At wind speeds below 4 m s-1, coarse and fine aerosol concentrations were 

negatively related to onshore wind speeds. However, at wind speeds above 4 m s-1 both fine and 

coarse aerosol concentrations leveled out, with evidence of new aerosol production. Culturable 

microbial fallout log-linearly increased with onshore wind speeds at this site, as shown through 

simultaneous sampling with LB and R2A media exposure plates. Molecular characterization of 

the 16S rRNA gene diversity of microbial aerosol and surface water isolates from two consecutive 

sampling days provided strong evidence of wind facilitation of a microbial connection between 

air and water quality at this site. Over 25% of the total sequence library was represented by 

operational taxonomic units (OTU's) detected in both aerosols and surface waters at this site. 

This species-level microbial connection between aerosols and surface waters increased with wind 

speeds above 4 m s-1, as did the presence of aquatic and sewage-associated bacteria in aerosols.  
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Introduction 
	  

The potential public health risk of aerosol production from microbially-contaminated 

waters has been demonstrated in different environments, including urban sewer water (Horrocks 

1907), infected cooling towers (Adams, Spendlove et al. 1979), river basins (Pickup, Rhodes et al. 

2005; Motta, Capunzo et al. 2008), coastal surf and public beaches (Baylor, Baylor et al. 1977; 

Corbett, Rubin et al. 1993; Marks, Jankowska et al. 1996). Although these studies provide 

qualitative bases for connections between water and air quality, they do not provide quantitative 

data necessary for modeling these connections, particularly in terms of the environmental 

controls on emissions and viability of bacteria aerosolized from water surfaces. 

The primary mechanism of aerosol creation from water surfaces is the bursting of 

bubbles, which results in the distribution of microscopic droplets that can remain suspended in 

the atmosphere if sufficiently small and/or in the presence of winds (Blanchard and Syzdek 

1971). Bubbles are introduced to the water column through wind-wave interactions, wave-shore 

interactions, recreational water use, or any other activity creating surface disruption. Physical 

wind-wave interactions have been well-documented, and wind speeds above 4 m s-1 are 

associated with the onset of whitecapping (Monahan, Fairall et al. 1983; Lewis and Schwartz 

2004), and, therefore, the production of new aerosol particles from the water’s surface (Vignati, 

de Leeuw et al. 1999; Hultin, Krejci et al. 2011). Higher wind speeds also result in the increased 

suspension of larger aerosol particles, which means larger marine particles are transported 

further before settling out (De Leeuw 1988). Modeling of inland transport of surf-produced 

aerosols at a coastal site showed the potential for sea salt influence up to 25 km inland (de Leeuw, 

Neele et al. 2000). 
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Although recent studies have reported aerosol transfer of aquatic surface bacteria to the 

near shore environment without high winds (Dueker, Weathers et al. 2011; Ravva, Hernlem et al. 

2012), wind speeds above 4 m s-1 have also been found to be important in the aerosolization of 

both terrestrial and aquatic microbes. In a study of land-applied biosolid aerosolization, winds 

above 5 m s-1 resulted in the detection of biosolid-associated bacteria downwind from application 

sites (Baertsch, Paez-Rubio et al. 2007). In a study of the reuse of treated effluent in flood-

irrigation sites, wind speeds above 4.5 m s-1 over standing waters resulted in increases (up to 4 

orders of magnitude) in the concentration of culturable aerosol bacteria over concentrations 

detected during low wind events (Paez-Rubio, Viau et al. 2005). Marks et al. also reported an 

increase in sewage bacteria sampled over coastal waters with increasing wind speeds (2001).  

This air-water connection has ecological and human health implications. The delivery of 

viable bacteria from water to air and then to land represents an inter-system geochemical 

connection not usually considered. In the urban arena, where surface waters are often sewage-

contaminated, the delivery of surface water bacteria to air may represent a movement of known 

pathogens and endotoxins (Nilsson, Merritt et al. 2011) into urban air space. To address the gaps 

in our understanding of source and production mechanisms of bacteria in urban environments, 

and particularly urban coastal environments, we conducted a study to evaluate the contribution 

of water surfaces to urban waterfront aerosols and the role of wind in that contribution. Given 

earlier observations of new aerosol production from surface waters at wind speeds above 4 m s-1, 

we expected to find a strengthening of this water-air microbial connection when winds exceeded 

this threshold. Specifically, we expected increased fallout of culturable microbial aerosols and 

increased similarity in the taxonomic composition of water and air bacterial communities in the 

near-shore environment when wind speeds exceeded 4 m s-1. 
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Methods 
	  
Sampling site and meteorological context. Sampling was conducted from 6 April 2011 – 8 June 

2011 from the end of Louis Valentino Pier (LVP) on the NY Harbor, in Brooklyn, NY, USA 

(40.67838 N, 74.01966 W) (Figure 5.1) during onshore wind conditions. Sampling occurred 

between 6 am and 2 pm when onshore winds were present. One-minute wind speed, wind 

direction, humidity, and temperature were collected using a Vantage Pro2 Plus Weather Station 

(Davis Instruments, Hayward, CA). The weather station was placed at 2.0 m above the pier 

decking (which resulted in the sampler being 2.5 - 5 m above water-level, depending on tidal 

height). Wind speed was used to evaluate environmental controls on the transport and 

production of aerosol particles. Wind direction was used to assess local origin of sampled 

aerosols (onshore or offshore). Fetch over harbor waters, approximated using imagery from 

Google Earth (www.google.com/earth) (Figure 5.1), ranged from 3 – 8+ km. Humidity and 

temperature were measured as parameters known to affect aerosol particle size (Seinfeld and 

Pandis 2006) and thought to influence the viability of aerosolized bacteria (Hatch and Dimmick 

1966; Lighthart and Shaffer 1997; Burrows, Elbert et al. 2009).  

Aerosol particle concentrations were measured using a stationary Met One 9012 Ambient 

Aerosol Particulate Profiler (Met One Instruments, Grants Pass, OR, USA). The profiler was 

placed at the same height as the weather station (2.0 m from the pier decking). One-minute 

measurements of aerosol particle concentrations were continuously logged in bins of 0.3, 0.7, 1, 

2, 3, 5, 7 and 10 µm diameter (Dp), with a particle cut-off of approximately 30 μm. This range of 

particle sizes covers both the fine (Dp = 0.3 - 2 µm) and coarse (Dp = 2- 30 µm) aerosol particle 
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modes (Seinfeld and Pandis 2006). To assess wind speed influence on coarse aerosol 

concentrations and microbial aerosol deposition at LVP, results were binned by wind speed.  

Microbial aerosols and surface water bacteria. Culturable microbial fallout was measured by 

simultaneously exposing both R2A and Luria Bertani (LB) media plates (in triplicate) for 15 - 50 

minutes to ambient aerosols. Both LB and R2A media have been used to grow diverse microbial 

assemblages from aerosols and water samples from a broad range of environments in previous 

studies, including both freshwater and brackish environments (Lighthart and Shaffer 1995; 

Shaffer and Lighthart 1997; Tong and Lighthart 1997; Dueker, O'Mullan et al. 2012). The use of 

growth media plate exposures, as opposed to culture-independent approaches, ensures that the 

microbes enumerated and characterized using molecular genetic approaches were viable and 

therefore able to contribute to infective load or ecological function after transport. Evidence is 

building that culture-based methods successfully detect the dominant microbial species found in 

aerosols (Fahlgren, Hagstrom et al. 2010; Bowers, Sullivan et al. 2011; Dueker, O'Mullan et al. 

2012). The approach employed for this study resulted in a relative measure of viable organisms 

depositing near-shore, although the total number of viable near-shore microbial aerosols is 

probably underestimated because of biases related to use of any specific growth medium. While 

there is no perfect medium, or combination of media, the use of more than one medium is 

important in demonstrating that the patterns found are independent of the type of media 

selected.  

The media plates were exposed horizontally from a platform 2.0 m above the pier 

decking. After exposure, plates were incubated for 5 days in the dark at 25ºC and then colony 

forming units (CFU) were counted. Microbial aerosol settling rate (CFU m-2 s-1) was calculated 

using the surface area of the exposed petri dishes (0.0079 m2) and the duration of exposure. To 
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assess culturability of ocean surface bacteria at the site, near-shore surface water (< 1 m depth) 

was spread on triplicate LB and R2A media plates using sterile technique. These plates were 

incubated and enumerated under the same conditions described for aerosol exposures. For both 

media types, control plates were regularly incubated without exposure to ensure that poured 

media was sterile. To evaluate wind speed effects on microbial aerosols at the LVP site, regression 

analyses were performed on the geometric mean of microbial fallout for each exposure event. 

Linear regression analyses and all other statistical analyses were performed using R statistical 

software (R Development Project 2008). 

Microbial identity case study. To investigate microbial aerosol taxonomic identity and 

connections with surface water bacteria communities across a range of onshore wind speeds, 

microbial aerosol and surface water CFU’s on both R2A and LB media from 5 May 2011 and 6 

May 2011 (Table 5.1) were identified through sequencing of their 16S ribosomal gene. 

Specifically, after CFU enumeration, all media plates were stored at 4°C until biomass was picked 

from each colony and suspended in 50 μl of HyClone sterile water (ThermoScientific, Logan, UT, 

USA) in sterile 96-well microplates that were sealed and then boiled for 5 minutes to lyse the 

cells. This lysed cell suspension was immediately frozen at -20°C until PCR was performed. To 

discern surface water and microbial aerosol community diversity and structure, 16S rRNA genes 

were amplified from lysed cell suspensions using TopTaq DNA Polymerase (Qiagen, Valencia, 

CA) and universal bacterial primers 8F (5’-AGRGTTTGATCCTGGCTCAG -3’) and 1492R (5’-

CGGCTACCTTGTTACGACTT-3’) (Teske, Hinrichs et al. 2002) with 35 PCR cycles of 45 

seconds of denaturation at 94°C, 45 seconds of annealing at 55°C, and 1 minute elongation at 

72°C. Agarose gel electrophoresis was then conducted to confirm amplification of a single-sized 

DNA fragment, and to ensure that DNA-free controls did not yield amplification product.  
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Single-read sequencing using the 8F primer was performed on amplified PCR products 

by SeqWright Laboratories (Houston, TX, USA). Sequences were quality-checked and edited 

using Geneious software (Drummond, Ashton et al. 2010). Edited sequences yielding less than 

350 base pairs of high quality sequence were removed from further downstream analyses. 

Remaining sequences were aligned using the Ribosomal Database Project (RDP) (Cole, Wang et 

al. 2009) and taxonomically classified using RDP’s naive Bayesian rRNA classifier at an 80% 

confidence level (Wang, Garrity et al. 2007). Using this classification, dominant genera from the 

library were identified as genera representing 5% or greater of the entire sequence library. 

Significant differences between sequence libraries were determined using RDP’s LibCompare 

tool (p < 0.05).  

To assess dominant source for bacteria in both aerosols and surface waters, a top hits 

analysis was performed on representative sequences of operational taxonomic units (OTU's) as 

assigned by the MOTHUR program (Schloss et al., 2009). Specifically, Jukes-Cantor corrected 

distance matrices constructed from aligned sequences in RDP were imported into MOTHUR, 

where OTU’s were assigned using the average neighbor algorithm at a 97% similarity cut-off. 

Representative sequences for each OTU were assigned by MOTHUR, then blasted against the 

GenBank database using Geneious’ Megablast function. The sequence hit with the highest bit-

score was designated the top hit for each sequence, and the reported sequence source was 

recorded. If more than one top hit was identified, the source for each top hit was recorded, and 

the source with the majority of hits was used to assign the sequence source category. This analysis 

was used to create two categorical breakdowns:  dominant source, which included the categories 

of terrestrial, aquatic, aerosol, terrestrial-aquatic, terrestrial-aerosol, and aquatic-aerosol; and 

sewage association, which included the categories of sewage and non-sewage.  
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Results 
	  

A total of 9 days (2,929 minutes with onshore winds) were sampled at LVP, from early 

morning to mid-afternoon, resulting in 42 microbial aerosol exposure events (Table 5.1). During 

sampling events, LVP experienced a wide range of temperatures (8.5 - 24.5°C), daily onshore 

wind speeds (0.9-7.7 m s-1) and RH (29.4 – 80.9%) (Table 5.1). The annual spring freshet was 

evident in the Harbor through water surface salinity measurements, causing salinities ranging 

from 11 ppt to 24.1 ppt (Table 5.1).  

Due to the high variability of RH at this site (Table 5.1), and the strong dependence of 

aerosol particle size on RH, coarse and fine aerosol particle size concentrations were normalized 

to 80% RH according to Fitzgerald et al. (1975) to allow for analyses pooled across sampling 

events. In general, onshore winds observed in this study were from the SW or W on low wind 

days and NW or W on high wind days (Table 5.1, Figure 5.2). Regardless of wind direction, the 

geometric mean of these humidity-corrected concentrations (binned by wind speed) had a strong 

negative-dependence on wind speed (Figure 5.2). At wind speeds up to 4 m s-1, both coarse and 

fine aerosol concentrations quickly declined, and at wind speeds above 4 m s-1 the slope of 

decline decreased (and in the case of winds from the West, reversed for coarse aerosols) for both 

particle fractions (Figure 5.2). 

Like aerosol particle concentrations, microbial fallout rates were log-normally distributed. 

Microbial fallout remained low and steady with wind speeds < 4 m s-1 (Figure 5.3), with a 

geometric mean of 0.86 ± 0.11 CFU m-2 s-1 for R2A media and 0.32 ± 0.05 CFU m-2 s-1 for LB 

media. At wind speeds above 4 m s-1, both LB and R2A microbial fallout rates were significantly 

increased above low wind speed values (p < 0.01) at 1.95 ± 0.20 CFU m-2 s-1 for R2A and 0.70 ± 
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0.09 CFU m-2 s-1 for LB. Regression analyses of microbial fallout data for both types of media 

revealed log-linear relationships with increasing wind speeds (R2A model:  R2 = 0.39, p < 0.01; LB 

model:  R2  = 0.23, p < 0.01) (Figure 5.3).  

Surface water spreads on R2A media yielded bacterial concentrations almost twice as high 

as concentrations from LB media (R2A mean:  891 CFU ml-1, LB mean:  476 CFU ml-1) 

(significant difference, p < 0.05). Bacterial growth on R2A media was negatively correlated with 

surface water salinity (R2 = 0.56, p = 0.013), whereas LB growth did not respond to salinity (R2 = -

0.14, p = 0.923). LB growth increased with temperature (R2 = 0.38, p = 0.047), while R2A did not 

show a relationship to temperature (R2 = -0.14, p= 0.900). Daily microbial fallout and surface 

water bacterial concentrations were log-linearly related, regardless of media type, on days with 

mean wind speeds below 4 m s-1 (R2 = 0.66, p < 0.01) (Figure 5.4). On days with mean wind 

speeds above 4 m s-1, the relationship was not significant (R2 = 0.36, p = 0.067) (Figure 5.4). 

After sequencing and quality check, a total of 409 sequences from aerosols (69 sequences 

from 5 May 2011, 119 from 6 May 2011) and surface waters (130 sequences from 5 May 2011, 91 

from 6 May 2011) were used in the microbial identity case study. Taxonomy derived from these 

sequences revealed a diverse microbial assemblage, representing bacteria from Firmicutes, 

Proteobacteria, Actinobacteria, and Bacteroidetes. The OTU analysis yielded 207 distinct OTU’s, 

and the top hits analysis revealed the presence of both terrestrial and aquatic bacteria in both 

surface water and aerosol sequence libraries (Figure 5.5). Seventeen of these OTU’s were shared 

between surface water and aerosol sequence libraries, representing large portions of these 

libraries (Table 5.2). 88% of the shared OTU’s were taxonomically assigned to genera known to 

contain human pathogens (Table 5.2). 
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Comparison of the microbial identity data with wind speed, coarse aerosol, and microbial 

fallout data provided further evidence of wind-facilitated delivery of water surface bacteria to 

waterfront aerosols (Figure 5.6). On 6 May 2011, winds were below 4 m s-1 until about 11 am, 

when they quickly increased (Figure 5.6 A). Fine and coarse aerosols responded by first clearing 

out and then recovering in concentration, signifying new aerosol production (Figure 5.6 C). 

Microbial fallout was steady for both LB and R2A media under low winds (Figure 5.6 E), but 

then, like the coarse aerosols, showed a clearing out and then rebounding pattern as wind speeds 

increased above 4 m s-1. Under the low wind speed regime, the percentage of sequences 

represented by water-air shared OTU's increased with wind speed. Sewage-associated and 

aquatic-associated OTU's first decreased, then increased with wind speed (Figure 5.6 G). On 5 

May 2012, winds were high and steady at approximately 8 m s-1 (Figure 5.6 B), with fine and 

coarse aerosol concentrations remaining steady as well (Figure 5.6 D). Microbial fallout showed 

slight increases with time of sustained wind speeds (Figure 5.6 F). The percentages of shared, 

aquatic-associated and sewage-associated OTU’s remained steady throughout the sampling day 

(Figure 5.6 H).  

Discussion 

The relationships of coarse and fine aerosol concentrations to wind speed at this site 

strongly suggest a dual role for wind in modulating aerosol concentrations at the waterfront: 

transport and new aerosol production. At wind speeds below 4 m s-1, onshore wind transport 

resulted in the “clearing out” of aging accumulated fine and coarse aerosol particles. When wind 

speeds exceeded 4 m s-1, however, fine and coarse aerosol concentrations appeared to level out, 

and, in the case of winds from the W in particular, coarse aerosol concentrations increased 

(Figure 5.2 D). Vignati et al. found a similar pattern with aerosol concentrations leveling out at 
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wind speeds above 4 m s-1, and posited that new aerosol production may be equaling the 

advection of old aerosols at these higher wind speeds (1999). 

Wind’s transport and production role was also evident in microbial fallout patterns at the 

waterfront. Under low wind speeds, microbial fallout was low and steady for both R2A and LB 

media. Above 4 m s-1, however, microbial fallout increased with increasing wind speeds for both 

media types. This relationship occurs despite the fact that high wind speeds drove down 

humidity, which is thought to negatively influence the viability of microbial aerosols (Griffiths 

and Decosemo 1994). This increase in microbial fallout with increased winds strongly suggests an 

increase in the number of locally-produced microbial aerosols that are then transported to the 

near-shore environment before deposition.  

Sources for these newly-produced microbial aerosols could be either terrestrial or aquatic. 

The long fetches over Harbor waters for onshore winds at this site (> 3 km, Figure 5.1), the 

positive relationship between microbial fallout and surface water bacterial concentrations, 

particularly at low wind speeds (Figure 5.4), and the response of microbial fallout rates to wind 

speeds above 4 m s-1 strongly suggest that surface waters are a significant source for viable 

microbial fallout at this waterfront. As found by Lighthart et al. (1991), once a microbial aerosol 

is produced, a vertical downwind size fractionation should occur as larger particles settle out 

more quickly than smaller particles. Given the 3+ km fetch over Harbor waters, this should result 

in a decrease in urban terrestrial and background aerosol contributions to waterfront samplers, 

and an increased representation of aquatic bacteria.  

The microbial identity case-study confirmed this prediction. The controlling influence of 

wind speed on water-air transfer of bacteria was evident even on an hourly scale. As shown in 

Figure 5.6, coarse aerosols had the same response to wind speeds as microbial fallout on an event 
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by event basis, with an initial “clearing out” as low wind speeds picked up, and a rebound in 

concentration as wind speeds crossed the 4 m s-1 threshold. During the low wind “clearing out” of 

old aerosols, the numbers of aquatic, sewage and water-air shared bacteria falling out at this site 

either decreased or remained unchanged. As wind speeds rose above 4 m s-1, however, these 

percentages increased rapidly.  

The taxonomically diverse microbial aerosol library sampled at this site included the 

same dominant phyla as previously-published culture-based and culture-independent microbial 

aerosol libraries (Brodie, DeSantis et al. 2007; Fahlgren, Hagstrom et al. 2010; Dueker, O'Mullan 

et al. 2012). Over 28% of the microbial aerosols in this study’s library belonged to OTU’s that 

were simultaneously detected in surface waters (Table 5.2). The taxonomy of these shared OTU's 

indicated a range of possible sources, particularly the presence of Acinetobacter, Arthrobacter, 

and Microbacterium, which are commonly considered terrestrial; Aeromonas and Pseudomonas, 

which are commonly considered aquatic; and Sphingomonas and Bacillus, which are commonly 

considered cosmopolitan. Both surface waters and aerosols contained bacteria previously isolated 

from predominantly aquatic and terrestrial sources (Figure 5.5). This confirms a strong 

terrestrial influence on surface water bacteria (over 50% of surface water OTU's) and a 

substantial aquatic influence (over 17%) on aerosols.  

Most of the bacteria present in both air and water at this site were members of genera 

known to contain human pathogens and asthma agents (Table 5.2). Because we have shown that 

increasing wind speeds strengthen the microbial water-air connection, there is cause for concern 

for increased emission of human pathogens and asthma agents to urban waterfronts under wind 

conditions above 4 m s-1. The water-air microbial connection may also be an issue at low wind 

speeds. Indeed, LB microbial fallout under low wind conditions (0.32 CFU m-2 s-1) at this site was 
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five times higher than previously-published fallout rates at a non-urban coastal site (0.06 CFU m-

2 s-1) (Dueker, Weathers et al. 2011). And at these low wind speeds, culturable microbial fallout 

was linearly related to culturable water surface bacteria concentrations (Figure 5.3). This suggests 

that, regardless of the presence of high winds, other aerosol-producing activities (boat traffic, 

recreational use of waters, wave-shore interactions) result in a steady emission of surface water 

bacteria to urban waterfronts.  

Conclusion 
	  

This study established strong and predictable microbial connections between water and 

air at an urban waterfront. Wind production of aerosols from water surfaces at wind speeds 

above 4 m s-1 resulted in increased water-air transfer of aquatic bacteria. Wind therefore appears 

to have a dual role in the modulation of microbial aerosols at the urban waterfront:  transport at 

low wind speeds, and, at higher wind speeds, the local production and transport of new microbial 

aerosols. This wind-facilitated microbial connection between water and air quality merits further 

study given the high incidence of degraded water quality and projected increases in extreme wind 

events in many crowded coastal urban centers globally.  
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Tables 
	  
Table 5.1. Louis Valentino Pier (NY, NY, USA) daily mean (± standard error) meteorological and 
hydrological conditions by sample date.  

	  
	   	  

Date

Exposure 
Events   

(n)

Onshore 
Winds 

Minutes 
Logged   

(n)

Onshore 
Wind 
Speed      
(m s-1)

Onshore 
Wind 

Directions 
(dominant in bold)

Temper-
ature   
(°C)

Relative 
Humidity 

(%)

Water 
Surface 
Salinity 

(ppt)

6-Apr-2011 4 293 6.5 ± 0.1 W, SW 8.5 ± 0.1 49.2 ± 0.3 17.2 ± 0.4

11-Apr-2011 4 264 1.8 ± 0.1 Calm, W, SW 15.7 ± 0.1 85.0 ± 0.4 18.2 ± 0.2

29-Apr-2011 4 295 3.8 ± 0.1 Calm, W, SW 15.7 ± 0.1 58.8 ± 0.4 11.1 ± 0.3

5-May-2011 4 377 7.7 ± 0.1 NW, W 11.8 ± 0.1 60.0 ± 0.4 15.9 ± 0.3

6-May-2011 6 456 2.8 ± 0.1 Calm, W, SW 14.2 ± 0.1 51.5 ± 0.3 16.0 ± 0.2

24-May-2011 6 307 2.7 ± 0.1 Calm, W, SW 22.2 ± 0.1 80.1 ± 0.5 13.6 ± 0.3

2-Jun-2011 6 361 7.1 ± 0.1 NW, W 24.5 ± 0.1 29.4 ± 0.1 20.2 ± 0.2

3-Jun-2011 4 282 6.2 ± 0.1 NW, W 16.3 ± 0.0 53.1 ± 0.2 20.5 ± 0.3
8-Jun-2011 4 294 0.9 ± 0.0 Calm, W, SW 22.2 ±0.1 80.9 ± 0.2 24.1 ± 0.2
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Table 5.2. Taxonomy of OTU’s shared between surface water and aerosol libraries. Seqs = sequences, % 
refers to the percent of total sequences in the total (aerosol + surface water), surface water, and aerosol 
sequence libraries represented by that genera. Genera known to contain pathogenic bacteria noted with an 
“*”. 

	  
	  

Figures 
 
Figure 5.1. The study site at Louis Valentino Pier (white asterisk), on NY Harbor, Brooklyn, NY, 
USA, with fetch (km) from onshore wind directions noted. Satellite imagery (40.67838 N, 
74.01966 W) obtained from Google Earth 15 January 2012 (image dated 2 June 2011).  
 
Figure 5.2. Geometric mean of humidity-corrected, wind speed-binned, fine (5.2 A, B) and 
coarse (5.2 C, D) aerosol concentrations (m-3) plotted against wind speed (m s-1) at Louis 
Valentino Pier, Brooklyn, NY, USA. Data plotted first as pooled onshore winds (5.2 A, C) and 
then by onshore wind direction (5.2 B, D). Vertical bars indicate standard error (if not visible, the 
standard error is smaller than the plot point character). Because the standard error is calculated 
from a geometric mean, error bars may be uneven. For reference, a dashed line highlights 4 m s-1 
wind speed. 
	  
Figure 5.3. Geometric mean of microbial fallout (CFU m-2 s-1) for each exposure event plotted 
against wind speed (m s-1) for R2A (5.3 A) and LB media (5.3 B). Vertical bars indicate standard 
error of replicate plates (if not visible, the standard error is smaller than the plot point character). 
Because the standard error is calculated from a geometric mean, error bars may be uneven. Solid 
curves represent log-linear regression models: for R2A, n = 42, R2 = 0.39, p < 0.01; for LB, n = 41, 
R2  = 0.23, p < 0.01.  

Genus 
OTU's 

(n) 
Total 

Seqs (n) 

Total 
Seqs 
(%) 

Surface 
Water 
Seqs 
(%) 

Aerosol 
Seqs 
(%) 

Acinetobacter* 1 4 1.0% 1.4% 0.5% 

Aeromonas* 1 7 1.7% 2.7% 0.5% 

Arthrobacter 1 5 1.2% 0.9% 1.6% 

Bacillus* 6 41 10.0% 6.3% 14.4% 

Lysinibacillus 1 2 0.5% 0.5% 0.5% 

Massilia* 1 4 1.0% 0.5% 1.6% 

Microbacterium* 1 4 1.0% 0.9% 1.1% 

Pseudomonas* 3 18 4.4% 5.4% 3.2% 

Sphingomonas* 2 19 4.6% 4.5% 4.8% 

 
17 104 25.4% 23.1% 28.2% 

!
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Figure 5.4. Microbial fallout (CFU m-2 s-1) vs. surface water bacteria (CFU ml-1) under low wind 
conditions (< 4 m s-1) and high wind conditions (> 4 m s-1). Please note that both axes are on a 
log scale. Horizontal and vertical bars indicate standard error of replicate plates (if not visible, the 
standard error is smaller than the plot point character). 
 
Figure 5.5. Top hits source analysis of OTU’s (n) present in surface water and aerosol libraries. 
Aer = aerosols, terr = terrestrial, aq = aquatic.  
 
Figure 5.6. Case study of wind speed (m s-1) (5.6 A, B), coarse aerosol concentration (m-3) (5.6 C, 
D), microbial fallout (CFU m-2 s-1) (5.6 E, F) and microbial aerosol source (5.6 G, H) on 6 May 
2011 (left column) and 5 May 2011 (right column). Yellow shading highlights exposures 
conducted under wind speeds < 4 m s-1.  
	  
	  

	  
	  
Figure 5.1. Louis Valentino Pier study site (white asterisk) 
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Figure 5.2. Humidity-corrected aerosol concentrations vs. onshore wind speed, all wind directions pooled 
(A, C) and plotted separately (B, D) 

	  

0 2 4 6 8 10

Wind Speed (m s-1)
0 2 4 6 8 10

10
00
00

20
00
00

30
00
00

40
00
00

Wind Speed (m s-1)

C
oa

rs
e 

A
er

os
ol

s 
(m

-3
)

Calm
SW Wind
W Wind
NW Wind

5.
0e
+0
7
1.
0e
+0
8
1.
5e
+0
8
2.
0e
+0
8
2.
5e
+0
8
3.
0e
+0
8

Fi
ne

 A
er

os
ol

s 
(m

-3
)

A B 

C D 



98	  

	  

	  
Figure 5.3. Microbial fallout vs. wind speed 
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Figure 5.4. Microbial fallout vs. surface water bacteria 
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Figure 5.5. Top hits source analysis 
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Figure 5.6. Case study of wind speed, coarse aerosols, microbial fallout and identity 
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