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Abstract: Bioaerosol can act as nuclei and thus may play an important role in climate 

change. During the Fourth Chinese National Arctic Research Expedition (CHINARE 2010) 

from July to September 2010, the concentrations and size distributions of airborne fungi, 

which are thought to be one of important bioaerosols, in the marine boundary layer were 

investigated. The concentrations of airborne fungi varied considerably with a range of  

0 to 320.4 CFU/m3. The fungal concentrations in the marine boundary layer were 

significantly lower than those in most continental ecosystems. Airborne fungi over oceans 

roughly displayed a decreasing trend with increasing latitudes. The mean concentrations of 

airborne fungi in the region of offshore China, the western North Pacific Ocean, the Chukchi 

Sea, the Canada Basin, and the central Arctic Ocean were 172.2 ± 158.4, 73.8 ± 104.4,  

13.3 ± 16.2, 16.5 ± 8.0, and 1.2 ± 1.0 CFU/m3, respectively. In most areas airborne fungi 

showed a unimodal size distribution pattern, with the maximum proportion (about 36.2%)  

in the range of 2.1~3.3 µm and the minimum proportion (about 3.5%) in the range of 

0.65~1.1 µm, and over 50% occurred on the fine size (<3.3 µm). Potential factors 

influencing airborne fungal concentrations, including the origin of air mass, meteorological 

conditions, and sea ice conditions, were discussed. 
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1. Introduction  

Bioaerosols are airborne particles that are either released from living organisms or contain living 

organisms [1,2]. One of the important components of bioaerosols is fungi and fungal spores, as well as 

their fragments [3]. Fungi in the atmosphere are generally derived from soil, water, animals, plants and 

human activities. Airborne fungi can cause or exacerbate human, animal and plant diseases [4,5]. In 

addition, the composition and dynamics of airborne fungi are recently found to play an important role in 

the transport and reproduction of biological organic matter, and in the changes of atmospheric chemistry 

and physics [6–8]. Airborne fungi may metabolize chemical components of aerosols, thereby modifying 

the property of atmospheric chemistry. As an important constituent of aerosols, fungal aerosols may 

affect earth’s radiation budget directly by scattering and absorbing sunlight and by serving as cloud 

condensation nuclei (CCN) and ice nuclei (IN) [8]. Furthermore, fungal particles are able to act as seeds 

that could be coated by secondary organic aerosols (SOA) [9] and directly influence the chemical 

composition of aerosols and CCN. 

Concentrations and sizes of airborne fungi have been determined at many sites on land or 

indoors [10–12]. However, information on marine fungal aerosols is still scarce. Atmospheric fungi over 

oceans can be emitted from the oceanic surface, or transported from continents [13]. Until now, only a 

few reports on fungal aerosols over oceans have been published. Some previous studies were undertaken 

over the East China Sea [14], the Atlantic Ocean [15], the Baltic Sea [16], the Pacific Ocean [17,18], the 

Mediterranean Sea [19], the Indian Ocean, and the Southern Ocean [20]. Nevertheless, most of these 

studies were conducted in the coastal regions or in the upper atmosphere through aircrafts. More studies 

about fungi in the marine boundary layer, especially over remote oceans, are needed for a better 

understanding of their levels, size distributions, sources, and climatic effects. 

The Xuelong expeditionary ship set out from Shanghai Harbor in China on 28 June 2010 and came 

back to Shanghai Harbor on 20 September 2010. During the CHINARE 2010 (July–September 2010) 

expedition, airborne fungi samples were collected over the East China Sea, the Sea of Japan, the 

Okhotsk Sea, the Bering Sea, and the Arctic Ocean. Here we report, for the first time, the concentrations 

and size distributions of airborne fungi by using the six-stage culturable microorganism FA-1 cascade 

impactor over oceans. The project provides an opportunity to understand airborne fungal particles in the 

marine boundary layer from low latitude to high latitude. The potential factors influencing the variation 

of airborne fungi over oceans, including the origin of air mass, meteorological conditions, and the sea ice 

conditions, were also discussed. 

2. Experimental Methods 

2.1. Sample Collection and Fungi Cultivation 

Bioaerosol sampling was conducted during CHINARE 2010. The sampling site was situated on the 

third deck of the Xuelong ship, which was about 15 m above sea level. The sampling instrument was 

outside the Xuelong ship, and no personnel were near the instrument during sampling, thus possible 
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contamination from personnel was minimal. Sample collections started on 28 June at Shanghai Harbor 

and stopped on 25 August over the Arctic Ocean. Samples were collected at 15 locations (Figure 1) 

during CHINARE 2010, which covered almost every sea region. Eight of these samples were in the 

Arctic Ocean and the most northern sampling site is located at 88°22′. Detailed sampling information  

is listed in Table 1. In addition, the air temperature, pressure, wind speed, ship speed and relative 

humidity on the oceanic surface were simultaneously recorded to investigate the effects of these factors 

on the airborne fungal concentrations. 

Figure 1. Concentrations of airborne fungi in the marine boundary layer during the 

CHINARE 2010. 

 

Table 1. Sampling location, date, fungal concentrations and meteorological conditions 

during the CHINARE 2010. 

Site Date Time Latitude/Longitude C RH T RV Weather 

1 28 June 11:20 24°02.17′N 118°04.15′E 320.4 80 26.3 / Sunny 

2 1 July 11:25 25°03.511′N 120°06.776′E 5.3 91 27.2 6.7 Sunny 

3 4 July 01:40 33°13.686′N 126°35.142′E 190.8 100 24.2 5.1 Heavy fog 

4 8 July 01:40 48°22.811′N 149°54.791′E 224.4 90 11.5 25.5 Light fog 

5 11 July 07:30 54°34.097′N 171°22.092′E 7.1 81 7.6 8.8 Sunny 
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Table 1. Cont. 

Site Date Time Latitude/Longitude C RH T RV Weather 

6 14 July 11:05 59°39.629′N 179°25.230′E 0.0 100 7.2 10.5 Heavy fog 

7 18 July 04:40 62°42.473′N 167°38.746′W 63.6 100 7.5 31.0 Sprinkle 

8 21 July 08:45 69°11.664′N 167°54.724′W 24.7 84 6.9 4.6 Sunny 

9 24 July 06:20 71°59.675′N 168°7.530′W 1.8 86 3.3 13.3 Sunny 

10 28 July 09:00 73°41.119′N 156°22.381′W 24.7 100 2.7 15.3 Light fog 

11 1 August 09:15 79°56.070′N 158°54.212′W 15.9 88 0.8 12.3 Light fog 

12 7 August 04:35 86°41.363′N 179°16.989′E 1.8 86 −0.9 16.7 Little snow 

13 20 August 05:55 88°22.974′N 177°11.646′W 1.8 87 0 19.0 Sunny 

14 22 August 03:20 85°37.956′N 171°29.714′W 0.0 100 0 16.7 Light fog 

15 25 August 05:20 79°43.302′N 169°3.438′W 8.8 100 0 2.7 Light fog 

C: Concentration (CFU/m3); RH: Relative humidity (%); T: Temperature (°C); RV: Relative velocity (m/s);  

/: No data. 

The bioaerosol samples were collected by using the six-stage culturable microorganism FA-1 cascade 

impactors (Applied Technical Institute of Liaoyang, Liaoyang, China) with a flow rate of 28.3 L/min.  

Each sampling lasted for about 20 min. The aerosol particle sizes were fractionated into six size ranges: 

Stage I (>7.0 µm), Stage II (4.7–7.0 µm), Stage III (3.3–4.7 µm), Stage IV (2.1–3.3 µm), Stage V 

(1.1–2.1 µm) and Stage VI (0.65–1.1 µm). The particles were captured by the sampler at different stages 

depending upon their air dynamic equivalent diameters, and the particles in the same dynamic equivalent 

diameter settled down in the same Petri dish. These impactors used 9.0 cm Petri dishes containing 

modified Martin media to collect bioaerosol samples. 

The airborne fungi were cultured with the modified Martin media at 37 °C for 3 days [16]. The media 

were provided by Nanjing Bianzhen biotechnology limited company. After cultivation, the airborne 

fungal colony number (CFU) for each stage was counted. According to airborne fungal colony number 

and air flow, the total number of fungal colonies from Stages 1 to 6 was calculated for each sample. 

The concentration of airborne fungi was calculated as follows:  

 

 

(1)

where ci and c represent the concentrations on stage i and the total fungal concentrations (CFU/m3), 

respectively; Ni and N represent the number of fungi on each stage and the total number (CFU), 

respectively; Q is the sampler air flow (L/min); and t is the sampling time (min). 

The colony percentage of airborne fungi for each stage (Pi) was then calculated as: 

 
(2)

SPSS 18.0 (SPSS Inc., Chicago, IL, USA) was used to analyze the experimental result. Pearson 

correlation analysis was also used to test the airborne fungi with meteorological parameters. In addition, 

we applied a multiple linear regression analysis to interpret the independent influence of meteorological 

parameters on airborne fungi.  
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2.2. Air Mass Back Trajectories 

In order to identify the origin of air mass origin and the source of airborne fungi, air mass back 

trajectories (BTs) were traced by the transmission diffusion model of HYSPLIT (HYbrid Single-Particle 

Lagrangian Integrated Trajectory) from the Air Resources Laboratory of the United States National 

Oceanic and Atmospheric Administration [21]. Seven-day BTs were shown for each sampling site at 

three starting altitudes above sea level: 50 m, 100 m and 500 m [13]. 

3. Results and Discussion 

3.1. Concentrations of Cultivable Fungi 

The concentrations of airborne fungi along the CHINARE 2010 are shown in Figure 1 and Table 1. 

During the entire sampling period, the total concentration of airborne fungi ranged from 0 to  

320.4 CFU/m3 and varied roughly with latitude. A previous study [22] reported the concentration of 

airborne fungi in typical ecosystems: 970 CFU/m3 (jungle), 1,015 CFU/m3 (forest), 6,015 CFU/m3 

(shrub), 12,545 CFU/m3 (crop), 825 CFU/m3 (grass) and 40 CFU/m3 (moss). Compared to these 

terrestrial ecosystems, the concentrations of airborne fungi over oceans was clearly lower. 

Sampling locations were separated into five geographic groups for further analysis (Table 2): 

offshore China, the northwestern Pacific Ocean (including the Okhotsk Sea and Bering Sea), the 

Chukchi Sea, the Canada Basin, and the central region of the Arctic Ocean. The concentrations of 

airborne fungi over oceans showed an obvious decreasing trend from the Chinese offshore to the Arctic 

Ocean. The highest concentration was observed in offshore China (5.3–320.4 CFU/m3 with an average of 

172 ± 158 CFU/m3). Compared with previous studies, our results were close to those over the East China 

Sea (0–2,829 CFU/m3, with a mean of 350 CFU/m3) [14], the coast of the Mediterranean (414 ± 340 

CFU/m3) [19], and coastal regions of Qingdao (63–815 CFU/m3) [1]. It is evident that the concentrations 

of airborne fungi in the coastal regions were higher than those in the remote oceans or open sea, e.g., the 

western North Pacific Ocean, the Chukchi Sea, the Canada Basin, and the central region of the Arctic 

Ocean. This phenomenon may be ascribed to the influence of continental source, which contains many 

more fungal spores [23] than the marine air in coastal areas. Few articles have reported the concentration 

of airborne fungi in remote oceans, e.g., from 0.1 to 6.5 CFU/m3 over the open Baltic Sea [16] and from 

3.5 to 34.8 CFU/m3 over the Atlantic Ocean [24]. The observation in the center region of the Arctic 

Ocean was comparable to these values, indicating that the concentrations of airborne fungi in the Arctic 

Ocean are low. 

Table 2. Concentrations, sea ice and sample site of airborne fungi in different Sea areas. 

Region Sample Site CR CFU/m3 Mean ± SD CFU/m3 Sea ice Area 

Offshore China  1,2,3 5.3–320.4 172.2 ± 158.4 / 

Northwestern Pacific Ocean 4,5,6,7 0–224.4 73.8 ± 104.4 / 

Chuckchi Sea 8,9 1.8–24.7 13.3 ± 16.2 Open sea 

Canada Basin 10,11,15 8.8–24.7 16.5 ± 8.0 Floating sea ice 

Central Arctic ocean 12,13,14 0–1.8 1.2 ± 1.0 Pack ice region 

CR: Concentration Range; /: No data. 
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3.2. Size Distributions 

The size distributions of airborne fungi during this cruise are shown in Figure 2. Biological aerosol 

dynamic particle size ranged from larger than 7 µm to 0.65 µm. This wide size range could be due to the 

fact that airborne fungi may be in the form of a single cell suspension, or adsorbed on the surface of 

particles, such as soil particles or leaf segments [25]. The size distribution displayed a unimodal 

distribution pattern. The maximum proportion of airborne fungi (about 36.2%) was detected in the range 

of 2.1~3.3 µm, whereas the minimum proportion (about 3.5%) was found in the range of 0.65~1.1 µm. 

Similar results were found in the coast of Qingdao [1], Mediterranean site [19], and indoors [26]. The 

proportion of the size range of 1.1–3.3 µm could reach about 63.1% in our study. More than a half of 

airborne fungi were observed in finer particles (<3.3 µm), which is different from previous studies in 

terrestrial [27] and coastal sites [1], but is similar to the result in Singapore, where the highest 

distribution of airborne fungi ranged from 1.1 to 3.3 µm [5]. The size distribution pattern of the samples 

may be influenced by both marine sources and continental sources. It has previously been reported that 

cultivable bioaerosols originating from continents in coarse particles cannot undergo long-range transport 

in marine air, whereas continental air particulates in the fine fraction (<3 µm) can be transported [20]. In 

addition, marine sources were supposed to mainly contribute bioaerosols in particles about 2~5 µm [23]. 

Figure 2. Average size distribution of airborne fungi during the CHINARE 2010. The error 

bars represent standard deviation. 

 

As shown in Figure 3, the size distributions for airborne fungi varied markedly in different regions. A 

unimodal distribution pattern for airborne fungi was with the Shapiro–Wilk test (significant level > 0.05) 

in the Chinese offshore, the west North Pacific Ocean, and the Canada Basin. The highest proportion of 

airborne fungi over offshore China, the west North Pacific Ocean, and the Canada Basin were mainly 

distributed in the range of 2.1~3.3 µm. Over the Chukchi Sea, the peak presented in the range of 

3.3~4.7 µm, similar to the total microbe in Qingdao coast region [28]. However, the pattern over the 

central Arctic Ocean was notably different from the other regions. It showed a bimodal size distribution, 

which distributed almost equally in the ranges of 2.1–3.3 µm and >7 µm. This phenomenon may be due 

to very low concentration of fungal bioaerosols. In contrast, the other regions displayed unimodal size 
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distributions. For example, the highest proportion of airborne fungi over the Chinese offshore, the west 

North Pacific Ocean, and the Canada Basin were mainly distributed in the range of 2.1–3.3 µm. Over the 

Chukchi Sea, the peak presented in the range of 3.3–4.7 µm, similar to the total microbe in Qingdao 

coast region [28]. The fungi in coarse particles over the Arctic Ocean may be derived from local sources 

as large particles are unfavorable for long-range transport. Indeed, microbes have been found to be 

coated by sea salt or coarse particles to protect itself due to the influence of environmental factors such 

as drying, temperature and ultraviolet radiation [29,30]. 

Figure 3. Size distributions of airborne fungi in different regions. 

 

4. Impact of Potential Factors on Airborne Fungi 

4.1. Air Mass Origin 

Generally, fungi are introduced into the air by either uplifting or horizontally moving air masses. Both 

types of air masses can take away fungi at the beginning of or during the air mass transport. Samples 5–7 

collected over the Bering Sea were selected to examine the influence of air masses. Sample 7 had the 

highest fungal concentration, followed by Samples 5 and 6 (Figure 1). As shown in Figure 4, the BTs 

revealed that the air mass of Sample 6 originated from the Pacific Ocean, while the air mass for Sample 5 

originated from the Aleutian Islands. For Sample 7, the air mass was derived from the Alaska Peninsula 

and passed through the Bering Sea. This sample thus may be impacted by both marine and continent 

sources. It is known that the Bering Sea region is rich in productivity. Consequently, marine contribution 

may be relatively high. On the other hand, lands are important sources for viable microorganisms of 

long-range transport, e.g., cultivable organisms have been found to be strongly associated with African 

dust [13]. The continental contribution will then enhance the concentration as well. 
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Figure 4. Backward trajectories indicating the origin of air masses for selected samples. 

 

4.2. Influence of Meteorological Conditions 

4.2.1. Temperature 

We analyzed the correlation between concentrations of airborne fungi and meteorological parameters, 

such as relative humidity (RH), temperature (T) and relative wind velocity (RV). Statistically, we found 

that the most important meteorological factor for the variation of airborne fungal concentrations was 

temperature (T), with the Pearson correlation coefficient of 0.496 (Table 3). Other meteorological 

factors (RH and RV) were not significantly correlated with airborne fungi in this study. The analysis 

with fungi as the dependent variable resulted in the following relationship (n = 14, R2 = 0.400, F = 2.224): 

Fungi (sum of 6 stages) = −120.5 + 4.839x(T) where x(T) is the temperature (°C). The positive  

correlation between temperature and the concentration of airborne fungi was similar to results published 

previously [1,19]. The role of ambient temperature may be ascribed to the fact that enzymes in fungi 

require appropriate temperature to maintain fungal activities. With elevated latitudes, fungi may not 

normally metabolize due to the decrease of enzymatic activity under cold conditions [31]. This may 

explain the change of airborne fungal concentrations with latitudes. 

Table 3. Pearson correlation coefficients between concentrations of airborne fungi and 

meteorological factors during sampling (n = 14). 

Pearson Concentration RH T RV 

Concentration 1.000 0.185 0.496 * 0.246 

* p < 0.05; RH: Relative humidity; T: Temperature; RV: Relative velocity. 
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4.2.2. Weather 

Samples collected at adjacent locations under different weather conditions were selected to examine the 

impact of weather conditions. For example, Samples 2 and 3 collected over China’s offshore, Samples 4 

and 5 over the western North Pacific Ocean, Samples 9–11 and 15 over the Arctic Ocean were selected. It 

is clear that the concentrations of fungi in Samples 3, 4, 10 and 11 were relatively high (Figure 1). 

Especially, there was a significant difference between Samples 2 and 3, and between Samples 9 and 10. 

Samples with relative high content of fungi were almost collected in foggy days. According to previous 

studies, inversion layer phenomenon often occurs over the Arctic Ocean in summer [32]. Under the 

inversion layer, there are a large number of aerosol particles and droplets, which would promote the 

formation of clouds and fog, and increase the residence time of particles (including fungal particles) in 

the atmosphere. Moreover, the droplets in the fog can act as a culture medium for atmospheric 

microorganisms, reduce the gravitational sedimentation velocity of aerosols, and relieve the adverse 

influence of ultraviolet radiation, drying, and oligotrophic state [33,34]. All of these are beneficial for 

fungal metabolism and reproduction. Fog or cloudy conditions could thus increase the concentrations of 

airborne fungi. 

4.3. Sea Ice 

Sea ice affects airborne fungal concentrations over the Arctic Ocean through influencing the air–sea 

exchange. The status of sea ice area in the summer of 2010 was obtained from the report of the 

CHINARE 2010. It showed that the concentrations of airborne fungi were the highest in floating sea ice 

regions, followed by those over open sea regions. The lowest concentrations were found over pack ice 

regions (Table 2). Generally, when the sea ice concentrations are less than 70%, these regions are 

identified as “floating sea ice region”. The central Arctic Ocean is often covered by multiyear sea ice, 

identified as “pack ice region.” In the peripheral regions of the Arctic Ocean, there are normally open 

waters without sea ice in the summer [35]. Previously, Gunde–Cimerman et al. [36] found that fungal 

concentrations reached 1,000–3,000 CFU/L in seawater, 6,000–7,000 CFU/L in melting sea ice and 

13,000 CFU/L in melting ice caps. Fungi in the water could reduce the water surface tension and hence 

escape from the aqueous phase to form aerial structures [37] via the bubble injection mechanism [38]. 

The emission of fungi from sea water should be an important source of airborne fungi. In addition, the 

sea ice contains abundant microbes and nutrients [16,39], including living fungi or fungi with low 

activity. In the pack ice region, permanent thick sea ice prevents the air–sea exchange and is 

disadvantageous for the metabolism of fungi [30]. However, with temperature increasing, the process of 

sea ice melting will be accelerated, so microorganisms or nutrient substances in the sea ice will probably 

be released to the atmosphere and increase the concentration of airborne fungi. 

5. Summary 

During the CHINARE 2010, the concentrations of airborne fungi ranged from 0 to 320.4 CFU/m3. 

The fungal concentrations in the marine boundary layer were significantly lower than those in most of 

the continental ecosystems. The mean concentrations of airborne fungi in the regions of the Chinese 

offshore, the western North Pacific Ocean, the Chukchi Sea, the Canada Basin and the central Arctic 
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Ocean were 172.2 ± 158.4, 73.8 ± 104.4, 13.3 ± 16.2, 16.5 ± 8.0, and 1.2 ± 1.0 CFU/m3, respectively.  

It displayed roughly a decreasing trend from low latitude to high latitude. 

Airborne fungi have wide size distributions. The maximum proportion of airborne fungi (about 

36.2%) was detected in the range of 2.1~3.3 µm, whereas the minimum proportion (about 3.5%) was 

found in the range of 0.65~1.1 µm. The proportion of the size range of 1.1–3.3 µm could reach about 

63.1% in our study. Airborne fungi presented a unimodal distribution pattern except over the central 

Arctic Ocean. 

The concentration and size distribution of airborne fungi were influenced by the origin of air mass, air 

temperature, weather condition, sea ice concentration and so on. Among these parameters, temperature 

is the dominant factor. Suitable ambient air temperature and foggy weather are likely to favor the growth 

of fungi. In addition, the melting of sea ice will probably enhance the concentrations of airborne fungi. 
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