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Abstract 10 

The atmospheric microbiome is one of the least studied microbiomes of our 11 

planet. One of the most abundant, diverse and impactful parts of this microbiome 12 

is arguably fungal spores. They can be very potent outdoor aeroallergens and 13 

pathogens, causing an enormous socio-economic burden on health services and 14 

annual damages to crops costing billions of Euros. We find through hypothesis 15 

testing that an expected warmer and drier climate has a dramatic impact on the 16 

atmospheric microbiome, conceivably through alteration of the hydrological cycle 17 

impacting agricultural systems, with significant differences in leaf wetness 18 

between years (p-value <0.05). The data were measured via high-throughput 19 

sequencing analysis using the DNA barcode marker, ITS2. This was 20 

complemented by remote sensing analysis of land cover and dry matter 21 

productivity based on the Sentinel satellites, on-site detection of atmospheric and 22 

vegetation variables, GIS analysis, harvesting analysis and footprint modelling on 23 
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trajectory clusters using the atmospheric transport model HYSPLIT. We find the 24 

seasonal spore composition varies between rural and urban zones reflecting both 25 

human activities (e.g. harvest), type and status of the vegetation and the 26 

prevailing climate rather than mesoscale atmospheric transport. We find that crop 27 

harvesting governs the composition of the atmospheric microbiome through a 28 

clear distinction between harvest and post-harvest beta-diversity by 29 

PERMANOVA on Bray-Curtis dissimilarity (p-value <0.05). Land cover impacted 30 

significantly by two-way ANOVA (p-value <0.05), while there was minimal impact 31 

from air mass transport over the three years. The hypothesis suggests that the 32 

fungal spore composition will change dramatically due to climate change, an until 33 

now unforeseen effect affecting both food security, human health and the 34 

atmospheric hydrological cycle. Consequently the management of crop diseases 35 

and impact on human health through aeroallergen exposure need to consider the 36 

timing of crop treatments and land management, including post harvest, to 37 

minimize exposure of aeroallergens and pathogens 38 

 39 

Introduction 40 

Biological particles within the atmosphere have several constituent fractions, 41 

such as microorganisms, pollen and other small plant matter (Fröhlich-Nowoisky 42 

et al., 2016). These form the atmospheric microbiome and this has received 43 

relatively little scientific attention compared to e.g. soil or water (Bissett et al., 44 

2017; Aalismail et al., 2019; Holman et al., 2019). The atmospheric microbiome 45 

originates from marine (Wilson et al., 2015) and terrestrial surfaces (Cáliz et al., 46 

2018) and can have profound effects on the climate through aerosol-cloud 47 

processes (Andreae and Rosenfeld, 2008). Conversely, climate itself can have 48 
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an effect on general bioaerosol production, including microorganisms, over 49 

terrestrial and marine surfaces (Fröhlich-Nowoisky et al., 2016). This thereby 50 

closes a feedback mechanism where the atmospheric microbiome depends on 51 

complex interactions between climate, vegetation and anthropogenic factors 52 

(Grinn-Gofroń et al., 2019).  53 

About 70% of the global ice-free land cover is directly affected by human use 54 

(IPCC, 2019) and substantial fractions of the terrestrial surface are managed 55 

forests or cropland. The type of land cover can influence the abundance and 56 

diversity of species present in the atmosphere as the development and decay of 57 

plant material can contribute to short term bursts of spore emissions, e.g. related 58 

to changes in osmotic pressures (Després et al., 2012). Anthropogenic 59 

influences on vegetation which can affect the atmospheric microbiome include 60 

forestry, agriculture in rural regions and landscaping in the urban zone. The 61 

atmospheric microbiome largely follows the pattern of crop distributions (Bebber, 62 

Holmes and Gurr, 2014) and as climate change is moving the agricultural 63 

margins towards the polar regions so the microbiome is responding (Bebber, 64 

Ramotowski and Gurr, 2013). Initial steps have been taken to elucidate the 65 

effects of land on the atmospheric microbiome (Makiola et al., 2019), but the 66 

impact of these is not well studied (Baldrian, 2017; Cavicchioli et al., 2019). 67 

Reviews of the anticipated responses of fungal pathogens to climate change 68 

(e.g. Bebber, Ramorowski and Gurr (2013); Magyar et al. (2021); Cavicchioli et 69 

al. (2019)), highlight the possible outcomes of altered temperatures, UV radiation 70 

and CO2 levels on fungal growth but do not address how altered emission of 71 

fungal spores would affect pathogen-crop dynamics pre- and post-harvest, for 72 

example by altering the overwintering capability of fungi through 73 
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increased/decreased fitness and adaptative mechanisms. Climate change has 74 

also been found to advance the harvest date within the last three decades (Ren 75 

et al., 2019), but how this change in timing, warmer climate and change in water 76 

availability affect the atmospheric microbiome has not been determined.  77 

Human exposure to allergenic fungi is dependent on spore emission into the 78 

atmosphere which occurs over several months each year (Banchi et al, 2020). 79 

Climate change is known to impact the duration of spore seasons for the 80 

allergenic fungi, Cladosporium and Alternaria, resulting in longer allergen 81 

exposure in some regions, as discussed in Anees-Hill et al. (2021). Furthermore, 82 

the authors also highlight several knowledge gaps in understanding of fungal 83 

spore seasonality, including the need for studies on the contribution of land use 84 

to atmospheric fungal populations. These knowledge gaps are not restricted to 85 

fungal spores. Many species within the atmospheric microbiome are impacting 86 

human health either directly or by acting in concert and exacerbating severe 87 

conditions in the respiratory system, recently exemplified by allergenic pollen 88 

correlating with the infection rate of SARS-CoV-2 infection rates (Damialis et al, 89 

2020). Covid-19 particles are small and are not expected to airborne for 90 

extended amounts of time (Jarvis 2020, Stadnytskyi, V., et al 2020), recently 91 

supported by studies from the urban background in Leipzig, Germany (Dunker et 92 

al, 2021). However, this general statement is challenged in an editorial (The 93 

Lancet Respiratory Medicine, 2020) and with the detection of Covid-19 particles 94 

in outdoor air in Italy (Setti et al, 2020). These conflicting views covered in a 95 

Covid-19 article concerning expert views (Lewis, 2020) illustrate the knowledge 96 

gaps around bioaerosols, partly driven by difficulties in capturing and analyzing 97 

the atmospheric microbiome. A thorough understanding of the atmospheric 98 
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microbiome is clearly missing. For fungal spores the picture is particular complex 99 

as their presence and abundance is related to land use and the use of mitigation 100 

techniques (e.g. pesticide application), which impacts on human health and 101 

directly links to climate and climate change including feedback processes 102 

(Andreae and Rosenfeld, 2008; Fröhlich-Nowoisky et al., 2016; Cáliz et al., 103 

2018).  104 

 105 

As such, the microbiome is important to climate (Andreae and Rosenfeld, 2008), 106 

human health (Pulimood et al., 2007; Arikoglu et al., 2016) and food security 107 

(Dixon, 2012; Kettles and Luna, 2019; Rodriguez et al., 2019) underlining the 108 

necessity for an understanding of how the microbiome is affected by this triangle 109 

of climate, vegetation and anthropogenic factors. Emission and deposition rates 110 

in relation to the atmospheric microbiome are poorly constrained (Randall et al., 111 

2013) and studies often limited to a single year (e.g. (Abrego et al., 2018; 112 

Brennan et al., 2019; Ovaskainen et al., 2020). Recent developments in sampling 113 

techniques and eDNA approaches are expected to reduce this important 114 

knowledge gap (Kettles and Luna, 2019). Likewise, novel databases in the UK 115 

with sufficient information about crop land and harvesting have become available 116 

for vegetation-atmosphere studies. In particular when such databases are 117 

combined with newest remote sensing products covering large areas 118 

(Ovaskainen et al., 2020). Next generation sequencing methods, such as 119 

metabarcoding, reveal entire microbial populations in any given sample (Abrego 120 

et al., 2018). This was not possible with previous DNA sequencing techniques 121 

and metabarcoding may also identify species within genera which are otherwise 122 

impossible to distinguish morphologically (Brennan et al., 2019).  By combining 123 
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these new methods, an understanding of how the species-specific fraction of the 124 

atmospheric microbiome is connected with surface processes can fill an 125 

important knowledge gap that benefits agriculture, forestry, healthcare services, 126 

and contributes towards better predictions of climate change.  We present our 127 

methodology for metabarcoding, meteorological assessments, atmospheric 128 

footprint modelling and remote sensing analysis of vegetation status, prior to 129 

evaluating the impact of climate change on the fungal component of the 130 

atmospheric microbiome through local environmental variables, atmospheric 131 

transport and land management.  132 

 133 

 134 

 135 

Methods 136 

Study design 137 

 138 

The study was designed to examine the effect of climate change on fungi within 139 

the atmospheric microbiome. Climate change was defined through three areas; 140 

1) local environmental variables, 2) atmospheric transport and 3) land 141 

management. Firstly, atmospheric DNA concentrations, dry matter productivity 142 

and fungal community compositions were examined in the study of the impact of 143 

local environmental variables on atmospheric fungi. Then atmospheric footprints 144 

were examined to study the effect of atmospheric transport on fungal community 145 

structure and finally, fungal community structure was examined in detail against 146 
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meteorological parameters and harvest timing to study the effect of land 147 

management. 148 

We collected airborne material from two sites in Worcestershire, UK, during the 149 

main harvesting season over the years 2016-18. One site (Fig. 1) is classified as 150 

rural (52.2544°, -2.2537°) and another as urban (52.1969°, -2.2422°). The 151 

sampling period was defined as starting from the week in July when 5% of 152 

cereals have been harvested according Agriculture and Horticulture 153 

Development Board (AHDB)/ADAS harvesting data (AHDB, 2020) and ending 154 

when 95% of cereals have been harvested (an overall  period of 10 weeks).  155 

Interactions between atmospheric fungi and environmental variables were 156 

examined at two temporal resolutions; weekly and annually. Sample sizes were 157 

determined to be suitable sampling sizes based on knowledge of the 158 

representative fungal spore genera (Alternaria and Cladosporium) distributions 159 

determined by microscopy as part of the UK national bioaerosol monitoring and 160 

previous experience with eDNA analysis (e.g. Brennan et al (2019)). Daily air 161 

samples were pooled into weekly samples prior to DNA extraction. Weekly 162 

samples were defined as the weekly DNA samples from one year (2017), while 163 

annual samples consisted of weekly DNA samples which were pooled across the 164 

sampling period, therefore giving one annual DNA sample per year per site (six 165 

samples total). Finally, for the analysis of weekly atmospheric fungi during crop 166 

growth and harvest, the weekly samples were also analysed individually covering 167 

an extended period in the year 2017 (between 29th June and 1st November) for 168 

the rural site, hence 18 weekly samples.  169 

 170 



8 
 

Air sampling 171 

At the rural site we used a Burkard multi-vial cyclone sampler placed on a flat 172 

surface at 3.8m above ground level, giving an inlet height of 4.4m. This sampler 173 

collects air at 16.5L min-1 and uses a mini-cyclone to deposit airborne material 174 

into 1.5mL Eppendorf tubes as detailed in Brennan et al., (2019). Each day at 9 175 

am a carousel replaces the existing tube with a new one, allowing for 176 

downstream analysis of biological material. At the urban site we used a Burkard 177 

single-vial cyclone sampler placed at 10m above ground according to 178 

recommendations for placements in urban areas (Rojo et al., 2019). The flow 179 

rate and tube deposition are the same for both samplers. The single cyclone 180 

requires manual changing of tubes, here done daily at 9 am, except over 181 

weekends when three days samples were collected into one tube. Both samplers 182 

rotate, each has a fin that ensures the inlet is directed towards the wind. The 183 

samplers are placed in an elevated position, which provides representative 184 

sampling of the area for large bioaerosols, such as pathogens from agricultural 185 

areas, ensuring more biological material in the trap compared with higher 186 

elevations found above 10m (Rojo et al., 2019).  187 

 188 

DNA extraction 189 

Pooling of samples was performed by re-suspending collected materials in 100µL 190 

FastDNA Spin Kit lysis buffer (MP Biomedicals, CA, USA) and vortexing at full 191 

speed on a Vortex-Genie 2 for 5 min. Samples were brought to a final volume of 192 

1mL then DNA was extracted using the FastDNA Spin kit (MP Biomedicals, CA, 193 

USA) and following the manufacturers’ instructions. After extraction pooled 194 
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weekly DNA for each year and site was quantified using a Nanodrop™ 2000 195 

(Thermo Scientific, UK).  196 

 197 

Fungal metabarcoding  198 

Samples were profiled using the internal transcribed spacer region (ITS2), a 199 

widely studied, non-coding and highly conserved DNA region frequently used for 200 

fungal metabarcoding. Primers used for amplification were; forward – 5'-201 

GCATCGATGAAGAACGCAGC-3' and reverse – 5'-202 

TCCTCCGCTTATTGATATGC-3' (White et al., 1990). Sequencing was 203 

performed by a commercial provider (Eurofins Genomics, Freiberg, Germany) on 204 

the Illumina MiSeq. Samples were demultiplexed based on their index sequence 205 

before primer sequences were trimmed with no mismatched pairs progressed for 206 

analysis. Bioinformatic analysis was performed in R using the Dada2 ITS 207 

workflow which, in brief, consists of quality filtering, pair merging, denoising and 208 

chimera removal followed by taxonomic assignment (Callahan et al., 2016; 209 

Callahan, McMurdie and Holmes, 2017). Negative controls were included in DNA 210 

extraction and PCR sequencing. A positive control comprising Cladosporium, 211 

Alternaria, grass pollen and tree pollen was amplified and sequenced. These 212 

genera are known to be abundant, with Cladosporium spp. often considered to 213 

be the most abundant spore type in the air (Sadyś et al., 2016). Subsequent 214 

phylogenetic analysis was performed using the R packages ‘phyloseq’ 215 

(McMurdie and Holmes, 2013) and ‘vegan’ (Oksanen et al., 2015).  216 

 217 

Meteorology 218 
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Hourly meteorological data from Pershore (52.1001°, -2.0600°) were extracted 219 

from the Met Office Integrated Data Archive System (MIDAS) (Office, 2012) and 220 

averaged to match the corresponding period of atmospheric sampling. Pershore 221 

was the nearest climate station to the observations site; 16.4km from the urban 222 

site at Worcester and 21.5km from the rural site. Seasonal differences were also 223 

examined for each of the years 2016, 2017 and 2018. To this end, data from a 224 

22-week period (Table S7) was used as it covers the entire harvest season in 225 

2016, 2017, and 2018 (AHDB, 2020)  as well as the extended sampling period in 226 

2017 and the four weeks prior to sample collection in all years. This additional 227 

four-week pre-period was selected to capture any potential droughts as fungal 228 

spore production often depends on environmental conditions during the latent 229 

period in the days and weeks prior to emission (Pariaud et al., 2013; Newlands, 230 

2018). Drought can be a complex matter to explore and there is, according to UK 231 

Met Office, no investigation of climate change on droughts in the UK. Therefore, 232 

droughts are also loosely defined as an extended period of dry weather with 233 

much less rain than usual and an aspect that is generally explored in higher 234 

detail in the Annual State of the UK climate reports (Kendon et al., 2019). This 235 

data set was complemented with data from two advanced weather stations 236 

installed in 2017, with additional sensors generally not available from the MIDAS 237 

network (e.g.  radiation, flux data, soil data and leaf wetness). The weather 238 

stations are co-located with the multi-vial cyclones and here we complement the 239 

MIDAS data with leaf wetness for the years 2017 and 2018 available at 30min 240 

resolution, which we use to calculate both the seasonal and daily sum of wet leaf 241 

periods (Fig. 4 and Table S6) for the 2017 and 2018. 242 

 243 
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Footprint modelling 244 

Backwards modelling or so-called atmospheric footprint modelling with an 245 

atmospheric transport model is commonly done in order to identify potential 246 

source areas for the airborne catch of pollen (Skjøth et al., 2015) and spores 247 

(Fernández-Rodríguez et al., 2015). We use the, arguably most commonly 248 

applied, model HYSPLIT (Stein et al., 2015) using a cluster of trajectories with a 249 

starting height of 500 m at the observational sites, similar to other aerobiological 250 

studies (e.g. Fernández-Rodríguez et al, (2015); Bilińska et al., (2017)). Twelve 251 

trajectories are calculated each day, one for each two-hour period covering the 252 

entire observational period similar to Fernández-Rodríguez et al, (2015). This will 253 

cover the large daily variations in air mass transport. Trajectories are calculated 254 

48 h back in time to represent the path of the air masses towards the 255 

observations site. Atmospheric transport models like HYSPLIT are sensitive to 256 

the temporal and spatial resolution of the input data (Bilińska et al., 2017) and it 257 

is therefore recommended to use available data with the highest detail possible 258 

(Hernández-Ceballos et al., 2014). We have therefore used HYSPLIT-ready 259 

global data with the highest possible resolution: A 0.5° x 0.5°  data set available 260 

for the period 1st Sep 2009 – 11th June 2019 from the NOAA ftp servers: 261 

ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas0p5. The location of the air mass in 262 

space and time, here represented by the trajectory, is given by a 3D 263 

geographical coordinate (lon,lat,height) every hour. These coordinates are 264 

grouped into observational years and processed in ArcGIS ver 10.3 using the 265 

point density found within the spatial analyst extension. This provides the 266 

geographical density of the coordinates as a raster data set with 0.1° x 0.1° 267 

ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas0p5
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resolution as a representation of the atmospheric footprint area for each 268 

campaign year. 269 

 270 

Remote sensing 271 

Vegetation type, amount and status have previously been identified as important 272 

variables responsible for geographical variations in fungal spore concentrations 273 

(O’Connor et al., 2014; Skjøth et al., 2016). We have therefore combined the 10-274 

day remote sensing product with 300 m resolution with a detailed land cover map 275 

for the UK within the nearest 30km. The remote sensing product is the Dry Matter 276 

Productivity (DMP), which is a global product available from the Copernicus 277 

Global Land Service: https://land.copernicus.eu/global/products/dmp. The land 278 

cover map cover specific crops with an area of at least 2ha using the Sentinel 1 279 

and 2 satellites and has been shown to be suitable for air-vegetation studies in 280 

relation to fungal spores (Apangu et al., 2020). Here the land cover data is used 281 

to extract the pixel values from the DMP product into four different groups 282 

covering the land cover classes urban, forest, grassland and cropland. We have 283 

here extracted data within the nearest 30 km of the observation sites following 284 

previous studies (e.g. (O’Connor et al., 2014; Apangu et al., 2020)) as studies 285 

suggest that the spore load within a region is mainly due to local emission 286 

sources complemented by occasional long range transport episodes (e.g. 287 

Apangu et al., 2020). 288 

 289 

Data analysis 290 

https://land.copernicus.eu/global/products/dmp
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In analysis of local environmental variables on atmospheric fungi, the 291 

atmospheric DNA concentrations, dry matter productivity and fungal community 292 

compositions were examined. The Pearson product moment correlation 293 

coefficient was calculated for atmospheric DNA levels each week between June 294 

and September and the statistical significance of any differences between weeks 295 

and sites across the three years was tested with t-tests and one-way ANOVA. To 296 

examine the influence of sampling site (urban and rural) we then calculate the 297 

average and standard deviation of Dry Matter Productivity for every 10 days for 298 

each campaign year for each land cover class, here available as time series (Fig 299 

S3) with significance tested by two-way ANOVA. The most prevalent fungi at 300 

each site were determined by examining the top 10 taxa that agglomerated at 301 

genus level after proportional transformation using the phyloseq 302 

‘transform_sample_counts(physeq, function(x) x/sum(x))’ function. Phylum, 303 

family and species level agglomeration was also considered.  304 

 305 

In the study of the effect of atmospheric transport on fungal community structure, 306 

the raster data generated from footprint modelling was normalized to contain 307 

values from 0 to 100, which enabled an easy comparison of the footprint areas 308 

between the different years.  309 

 310 

To assess the effect of land management on atmospheric fungi, the fungal 311 

community structure was examined in detail against harvest timing and 312 

meteorological parameters. The relative abundance of atmospheric fungi in 2017 313 

was determined by examining the top 10 taxa that agglomerated at genus level 314 
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as previously described. To examine weekly variations in alpha-diversity 315 

Shannon and Simpson alpha-diversity indices were calculated from the Amplicon 316 

Sequence Variant (ASV) data, according to Nearing et al., (2018); normality was 317 

tested using Shapiro-Wilks and either Kruskal-Wallis/Wilcoxon-ranked pairs or t-318 

tests/ANOVA were used to test alpha diversity significance depending on 319 

normality. Nonmetric multidimensional scaling (NMDS) based on Bray Curtis 320 

dissimilarity (Bray and Curtis, 1957) was used to visualise differences between 321 

harvest and post-harvest atmospheric communities and was tested for 322 

significance using PERMANOVA. Beta-diversity measures were performed on 323 

ASV data which had been filtered to taxa occurring at least twice in 10% of 324 

samples in order to exclude low abundance taxa, prior to proportional 325 

transformation using the phyloseq ‘transform_sample_counts(physeq, function(x) 326 

x/sum(x))’ function. It has been shown that filtering low abundance taxa does not 327 

significantly affect beta-diversity measures but may remove ASVs that result from 328 

rare species, false positives, sequencing errors or chimeras. Bray-Curtis 329 

dissimilarity was used as a beta-diversity measure and was visualised by 330 

nonmetric multidimensional scaling (NMDS). This was tested for significance 331 

through PERMANOVA using the adonis function in vegan. 332 

The top ten most abundant species during the extended sampling period in 2017 333 

were correlated using Pearson’s product moment correlation coefficient against 334 

weekly percent completed harvest data for the following cereals; winter wheat, 335 

spring wheat, winter oilseed, spring oilseed, winter barley, spring barley and oats 336 

(AHDB, 2020).  337 

To examine seasonal differences the meteorological parameters of temperature, 338 

relative humidity and precipitation were analysed using Pearson’s product 339 
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moment correlation coefficient over the three years of sampling. In 2017 these 340 

parameters were also examined against the abundance of the top ten genera 341 

and total DNA concentrations at the rural site. Daily leaf wetness data gathered 342 

from the advanced weather stations in 2017 and 2018 were analysed by t-test. 343 

 344 

Results and Discussion 345 

                                                                                                                                                      346 

Local environmental variables 347 

Seasonality in environmental variables has previously been demonstrated to 348 

influence community structure of the atmospheric microbiome (Cáliz et al., 2018; 349 

Fan et al., 2019) and, in 2017, this was confirmed in our data as a decrease in 350 

atmospheric DNA concentration from June to September (S1) (r=-0.646, p=0.043 351 

(to 3dp)). The atmospheric microbiome largely comprises of pollen, fungi and 352 

bacteria, and during June to September it is possible that grass and other pollens 353 

will be contributing to the total DNA concentration and these will show a decline 354 

towards the later months of the year (Brennan et al 2019). However it has been 355 

shown that fungi and their mycelial components can contribute 11% of the 356 

atmospheric microbiome (Tordoni et al. 2020) and the time period covered here 357 

includes the well documented spore seasons for fungi such as Alternaria and 358 

Cladosporium (Anees-Hill et al. 2021). Some variation in DNA concentrations 359 

over the sampling period was also expected as a result of changing 360 

meteorological parameters. Fungal spores are known to be affected by 361 

meteorological factors such as  relative humidity, dew point, wind levels and solar 362 

radiation, which have previously been found to impact airborne spore levels in 363 
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positive and negative directions (Jiřík et al., 2016; Li et al., 2017; Kowalski and 364 

Pastuszka, 2018). It has been shown that the highest atmospheric spore levels 365 

are generally recorded in the summer and the lowest in winter (De Linares et al., 366 

2010; Fan et al., 2019) reflecting a species-specific relationship with temperature, 367 

supported by the findings of Pyrri and Kapsanaki-Gotsi (2017).  The exception to 368 

this is that dry and warm climates may see a local decrease in mid-summer (De 369 

Linares et al., 2010). 370 

Here, we also find a change in local climate and environment may also change 371 

the local atmospheric microbiome with respect to abundance and composition. 372 

Over all three years combined, the urban site had a higher amount of 373 

atmospheric DNA compared to the rural site (t = -2.979, df = 56.448, p-value = 374 

0.004 (to 3dp)) and the week-to-week variation at both sites varied by a factor of 375 

two to four. This difference is remarkable as the remote sensing shows a 376 

statistically significant difference in land use types within 30km (p <0.005, F = 377 

2.691 to 3dp) with a lower amount of dry matter productivity in the urban area, 378 

compared to any of the analysed land cover types found in the nearby rural 379 

region (Fig. 2; S2). This does not correspond with previous findings of increasing 380 

fungal abundance in more vegetative areas than urban (Lin et al. 2018), however 381 

this could be explained by a larger proportion of other bioaerosol components, 382 

such as bacteria, in urban environments.  383 

 384 

In 2016 and 2017 abundances of the top ten genera at both the rural and urban 385 

sites were comparable in both years (Fig. 1; S3) and reflected the difference in 386 

DNA levels between sites. However, in 2018 a shift in community structure was 387 

observed which accompanied increased variation between the urban and rural 388 
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sites. There was decreasing abundance of Alternaria and increases in 389 

Cladosporium and Mycosphaerella (Fig. 1) which corresponded with 20% lower 390 

DNA concentrations at both sites in 2018, although not statistically significant.  391 

When broken down at lower taxonomies (e.g. Fig. 1) our observations 392 

considerably extend results of other studies using optical methods for recognition 393 

of Alternaria and Cladosporium spp. (Damialis et al., 2015; Kasprzyk et al., 2015) 394 

as the atmospheric concentrations of both these genera have been shown to 395 

respond to harvest (Irga and Torpy, 2016; Skjøth et al., 2016; Olsen et al., 2019), 396 

climate-driven increases in temperature and drier conditions (Sindt, Besancenot 397 

and Thibaudon, 2016). Many Alternaria species are morphologically 398 

indistinguishable and conventional airborne counts are generally performed to 399 

genus level, leaving the proportion of allergenic species, such as A. alternata, 400 

undefined (Kasprzyk et al., 2015), despite the focus in many monitoring 401 

programmes to identify airborne allergens (Grinn-Gofroń et al., 2019). In our 402 

study Alternaria often dominated the atmospheric microbiome, but mainly 403 

consisting of A. metachromatica while A. alternata, known for causing allergenic 404 

asthma (Pulimood et al., 2007), was a smaller fraction. These two species are 405 

morphologically very similar. The phytopathogenicity of A. metachromatica is 406 

undisputed (Bashir, Mushtaq and Akhtar, 2014; Al-Lami, You and Barbetti, 2019), 407 

but its allergenic potential remains undetermined. The greater taxonomic 408 

resolution of Alternaria provided by metabarcoding demonstrates the potential to 409 

re-examine the abundance of genus and species which are difficult to distinguish 410 

morphologically and a considerable opportunity for further study (Woudenberg et 411 

al., 2013).  412 

 413 
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Atmospheric transport 414 

The atmospheric footprint calculations show that that there was very little 415 

difference between the three years and that the air masses mainly passed over 416 

Wales and West Midlands and parts of Ireland before arrival in Worcester. Areas 417 

like south East England, France and Scotland had from very small to no 418 

contribution to the spore catch (Fig. 2). This suggests that the major differences 419 

in the airborne DNA observed between 2016-18 were not due to mesoscale 420 

atmospheric transport, an often-applied hypothesis (Skjøth et al., 2012). Here the 421 

alternative hypothesis must be accepted that major differences in annual spore 422 

concentrations are either due to micro scale atmospheric processes or processes 423 

related to production of spores in the vegetation. This supports other findings of 424 

local contributions to the atmospheric microbiome (Liu et al., 2019; Apangu et al., 425 

2020), and it is likely that local emission sources contribute the majority of crop 426 

pathogens and fungal allergens within a region, but this should be considered in 427 

context with the potential for long distance transport influencing the atmospheric 428 

microbiome (Grewling et al. 2020; Triadó-Margarit, Cáliz and Casamayor, 2022). 429 

 430 

Land management 431 

In 2017, most variation in abundance occurred within the top few taxa. The top 432 

ten taxa at genus level showed a decline in relative abundance along with a more 433 

even distribution from week 11 onwards (Fig. 3; S4). This was reflected in weekly 434 

variation in alpha-diversity measures (Shannon’s and Simpson’s Diversity 435 

Indices) for species richness and evenness (S5). Shannon’s diversity index 436 

displayed a trend for greater species diversity and evenness in later weeks and 437 
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Simpsons diversity index also showed a general increase over time except most 438 

notably in weeks 13 and 14. As Shannon’s index provides a balanced 439 

consideration of species richness and evenness while Simpson’s has a greater 440 

weight on evenness it may be postulated that these two weeks display reduced 441 

sample evenness with less impact on diversity. Shapiro-Wilk tests showed the 442 

Simpson's diversity index was normally distributed (p=0.270) but Shannon’s was 443 

not (p=0.021) therefore Kruskal-Wallis tests showed the significance of status 444 

(pre- or post- harvest) on Shannon's diversity index (Chi-squared = 5.366, df = 1, 445 

p=0.02), but ANOVA on Simpsons diversity index was not found to be significant 446 

(F = 0.805, df=1, p=0.383). While the general trend of increasing diversity would 447 

be expected as a seasonal response to changing abiotic factors, such as 448 

temperature and rainfall, which lead to peaks of airborne fungi in other European 449 

countries (Sarda-Estève et al., 2019), this did not fully explain the observed 450 

pattern. The autumn period, with less DNA in the air, also corresponds with a 451 

reduction in dry matter productivity (e.g. Fig. 2) and the end of the cereal harvest 452 

season.  It is known that levels of fungal spores may be higher during harvest in 453 

some crops, such as cotton, citrus, grapes and cereals (Lee et al., 2004; Skjøth 454 

et al., 2012) but there is little known about the impact of agricultural practices on 455 

atmospheric fungal spore behaviour (Anees-Hill et al., 2021) despite the 456 

importance of crop disease forecasting, which often involves airborne spore 457 

dispersal, to the agricultural industry. Where recent studies have looked at similar 458 

topics, they have focused on bacteria (Mhuireach et al. 2021) or the broader 459 

atmospheric microbiome (Finn et al. 2021) but still demonstrate the significance 460 

of agricultural practices to atmospheric community structure. Here, harvest timing 461 

and conditions were key parameters for the airborne spore community through a 462 

clear distinction between harvest and post-harvest beta-diversity by 463 
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PERMANOVA on Bray-Curtis dissimilarity (p-value = 0.005, F statistic = 4.966, 464 

R2 = 0.237, df = 1). Furthermore, numerous species varied significantly between 465 

harvest and post-harvest periods and we find the emergence and abundance of 466 

crop pathogens in the air matches well with crop harvests (S6). During the 18-467 

week sampling period in 2017 air temperature and relative humidity were 468 

moderately or strongly associated (p<0.05) with five of the top ten most abundant 469 

genera, four of which contain important pathogenic species; Mycosphaerella, 470 

Alternaria, Puccinia and Botrytis; Mycosphaerella showed a strong positive 471 

correlation with air temperature (r=0.759, p=0.00026) and a strong negative 472 

correlation with relative humidity (r=-0.858, p=5.31x10-6). This was also the case 473 

for Alternaria but at a moderate level (r=0.677, p=0.002031 and r=-0.620, 474 

p=0.006039 respectively). Puccinia was positively correlated for both variables 475 

(r=0.521, p=0.02651; r=0.519, p=0.02741). Botrytis showed a moderately 476 

negative association with relative humidity (r= -0.521, p=0.02651). Between the 477 

three years there were no statistically significant differences in mean 478 

temperature, soil temperature, relative humidity or precipitation over the entire 479 

the study period (S7), however leaf wetness duration and frequency was 480 

significantly lower in 2018 than 2017 in rural and urban regions (p = <0.05) (Fig 481 

4; S8). Leaf wetness is known to impact spore productivity (Crandall and Gilbert, 482 

2017). This corresponded with a notable dry spell of six weeks throughout July 483 

and into August in 2018, when some of the warmest days were observed and 484 

provided good harvest conditions causing earlier harvest completion but also 485 

widespread drought (Kendon et al., 2019). In 2018, harvest was completed 486 

earlier for cereals than 2016 and 2017 (Fig. 4; S9). Many pathogens we 487 

observed can infect a broad range of cereal crops but others, e.g. Pyrenophora 488 

tritici-repentis and Puccinia graminis correlated strongest with harvesting of 489 
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winter cereals (S6), suggesting that this has been the main emission source. In 490 

the 2017 time series, by the 27th Sept (start of week 13) winter oilseed rape 491 

(OSR), winter barley, spring wheat, spring barley and oats harvests had reached 492 

100% while winter wheat was 96% complete and spring OSR was 70% 493 

complete. Abundance of Mycosphaerella tassiana correlated with the harvest of 494 

all cereals, while Alternaria metachromatica, Puccinia coronata and Puccinia 495 

coronati-agrotidis correlated with harvest of winter and spring wheat, spring OSR, 496 

spring barley and oats. Blumeria graminis correlated similarly, except not with 497 

winter wheat. Pyrenophora tritici-repentis and Puccinia graminis correlated with 498 

winter barley and winter OSR but none of the others (Table 2). Previously, data 499 

concerning which crop is harvested when, (also termed activity data), has been 500 

notoriously difficult to obtain for environmental studies (Kendon et al., 2019) 501 

despite previous recommendations to enable the access to data for 502 

environmental studies (Flechard et al., 2013). Here, the unique and easily 503 

accessible UK data base with weekly progression of the harvesting (AHDB, 504 

2020) has been applied to explain observed changes in atmospheric fungal 505 

spore communities. The consequences of altered atmospheric fungal 506 

communities on crop pathogen persistence in the environment is not well-507 

determined. Usually, fungi overwinter as spores or sclerotia, and the effect of 508 

climate change on the overwintering capability of these survival structures is not 509 

clearly established. It is known that climate change is altering the overwintering 510 

capability of fungal spores (Prank et al., 2019) and, given sufficient time, can 511 

potentially alter host ranges (Gange et al. 2011). This aspect, as well as the 512 

extended growing period, will affect emission dynamics.  As we observed in 513 

2018, our results indicate that pre-season harvest conditions with significantly 514 

longer periods of dry vegetation, can have a very large impact on the structure of 515 
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the spore community, in particular in crop pathogens like Alternaria. It is known 516 

that fungi require a period of infection (vegetative growth) on host plants prior to 517 

lifecycle completion during sporulation (Pariaud et al., 2013; Cao et al., 2014) 518 

and during this period are vulnerable to the environment. These spores may be 519 

released naturally by suitable weather conditions or anthropogenically by 520 

harvesting machinery (Skjøth et al., 2012). The long dry period in 2018, with 521 

significantly reduced leaf wetness, is therefore expected to have reduced the 522 

period of vegetative growth and hence the emission potential for fungi within the 523 

study region. This change in vegetative growth is expected the be the main 524 

reason for the observed reduction in key species and an overall change in 525 

species composition. It should here be noted that overall amount of precipitation 526 

did not differ that much between the years. Prolonged dry spells/droughts are 527 

expected to be more frequent under climate change (IPCC, 2019) and while 528 

there is debate whether climate change trends are  associated with increases or 529 

decreases of the hydrological cycle, theory suggests that there will be more 530 

extremes of wet and dry periods without a change in overall precipitation Feistel 531 

and Hellmuth (2021).  Studies of predicted patterns show that the hydrological 532 

cycle will be affected by climate change at important stages, with greater water 533 

volumes during periods of snow melt (Javadinejad, Dara and Jafary, 2020) and 534 

increased flooding during wet seasons combined with increased drought during 535 

dry periods (Oo, Zun and Kyi, 2020). Our findings fit with these responses to 536 

changing climate conditions and associated with this will inevitably be a reduction 537 

in leaf wetness during increased dry spells. It is therefore likely that climate 538 

change will impose a shift in the airborne microbiome community, supported by 539 

our results contrasting the years 2016 and 2017 with 2018.  540 
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Our taxonomic assessment of airborne spores using molecular methods, 541 

conducted over three years at contrasting sites, clearly shows the atmospheric 542 

microbiome is governed by three factors: vegetation type, climatic conditions and 543 

anthropogenic factors, particularly the management of the agricultural landscape. 544 

Local harvesting has previously been shown to be the main contributor of 545 

Alternaria spp. in the city of Copenhagen (Skjøth et al., 2012). Our combined use 546 

of remote sensing, detection of weather variables and bioinformatics show 547 

substantial local variations in the atmospheric microbiome that has previously not 548 

been observed and that areas with less vegetation (e.g. urban zones) 549 

surprisingly can be very productive with respect to spores. Many studies on the 550 

atmospheric microbiome have separated spores into dry and wet spores, and 551 

often attribute temperature and variables connected to the hydrological cycle 552 

such as precipitation, relative humidity or vapour pressure as explanatory 553 

variables (Grinn-Gofroń et al., 2019). This study takes these findings much 554 

further and directly relates to the so-called “One Health Approach”, jointly 555 

supported by World Health Organisation and Food and Agricultural Organisation. 556 

A key to address this overarching topic is to use and further develop molecular 557 

approaches in the analysis of the atmospheric microbiome such as eRNA 558 

methods (Yates et al, 2021) and machine learning (Ahmad et al, 2021). 559 

 560 

Conclusion 561 

The aim of our study was to examine the impact of climate change on the fungal 562 

component of the atmospheric microbiome through local environmental 563 

variables, atmospheric transport and land management. We find that the 564 

abundance and composition of the atmospheric microbiome changes in response 565 
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to local climate and environment. Seasonal spore composition varies between 566 

rural and urban zones and that urban zones with less vegetation can be very 567 

productive with respect to spores. We find that mesoscale atmospheric transport 568 

is less important for spore composition and concentrations. Instead, we find that 569 

human activities, type and status of the vegetation, combined with leaf wetness 570 

and the prevailing climate are more important.  Our findings confirm the 571 

connection to the hydrological cycle, but instead suggest a much stronger 572 

connection with vegetation type and status, particularly leaf wetness; a key 573 

ecosystem variable during spore development. Atmosphere-vegetation 574 

processes directly affect leaf wetness with a known feedback mechanism from 575 

both climate change and anthropogenic management. We therefore predict that 576 

prolonged spells of dry weather create reduced leaf wetness, leading to 577 

decreased abundance and change the distribution in the atmospheric 578 

microbiome due to unfavorable growing conditions for many fungi. One 579 

remaining question is whether climate-induced changes to atmospheric 580 

microbiome will result in increased or decreased disease outbreaks as climate 581 

change may affect both viability and transport pattern of the atmospheric 582 

microbiome. Future work should address how climate driven change in harvest 583 

timing affects pathogen interactions with host plants. 584 

 585 

Overall, our findings suggest that a move towards a warmer and drier climate will 586 

have a dramatic impact on the atmospheric microbiome: on amount, composition 587 

and seasonal variation which may affect both food security and human health, 588 

through alteration of crop pathogen dynamics and allergenic fungi seasonality. 589 

 590 
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 908 

Figures 

Figure 1. Relative abundance (%) of top 10 atmospheric fungal genera at urban 909 

and rural locations over three years 910 

 

Figure 2. A. Decreasing dry matter productivity in the UK in 2017 (top-bottom = 

1st July, 1st Aug, 1st Sept); B. Dry matter productivity over 2016, 2017 and 2018 at 

urban and rural locations and C. The atmospheric footprint showing the source of 

air masses during the 2017 sampling period.  
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Figure 3. Relative abundance of top 10 atmospheric fungal genera over 18 

weeks during summer and autumn in 2017. Week 2 corresponds to cereal crop 

harvesting exceeding 5% and week 11 corresponds with when 95% of cereal 

crops have been harvested based on AHDB/ADAS data (indicated by arrow). 

 

Figure 4. Leaf wetness duration (minutes/day) from July to September in two 

years at urban and rural locations and the proportion of harvest completed over 

the corresponding 12-week harvest periods (July-September). 

 


