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Abstract
Whilst the importance of fungal primary biological aerosol particles (PBAPs) has been recognised, few studies have 
empirically assessed how land-use patterns influence them. Here, we show the impacts of different land-use patterns 
on fungal PBAPs within the Brazilian Atlantic Forest biodiversity hotspot. Spanning a distance of ca. 600 km within this 
biome, we collected fungal bioaerosols in the following land-use patterns: a 25-year-old coffee plantation, a 2.5-year-
old Eucalyptus plantation, a 3-months-old maize crop, a 2-year-old and another 7-year-old native forest reforestation 
area, and a native forest fragment. Using the portable Burkard air sampler, a total of 14 morphotype-species were found. 
Cladosporium sp. comprised as much as about 95% of all fungal spores collected, being present in all samples (frequency 
of 100%). Forest systems had as much as 5-to-19-fold more fungal spores in the air than maize crops. Sampling height 
and time (morning vs. afternoon) did not influence fungal concentration and number of species. In addition, using data 
derived from an eddy covariance tower in the Eucalyptus site, we estimated the emission rate to be 6649 spores  m−2  s−1. 
Our study confirms that land-use patterns affect fungal PBAPs, and that replacing large areas of native Atlantic Forest 
by monospecific stands, a homogenisation of airborne fungi is occurring, with unknown consequences for climate 
regulation.
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1 Introduction

Primary biological aerosol particles (hereafter, PBAPs) such as bacteria, fungal spores, pollen, as well as fragments of 
animals and plants, are all known to affect local and regional climate, for example, by means of ice nucleation and cloud 
formation [1–3]. Being important drivers of local climate, PBAPs might also interfere with climate regulation at a global 
level [4]. Given their nature, the formation and emission of PBAPs depend on land-use, with shifts in PBAPs patterns 
(i.e., concentration and fluxes) occurring after the conversion of natural ecosystems to human-shaped landscapes [5]. 
Changes in land-use, therefore, impact on PBAPs, which, in turn, can affect local, regional, and global climate [6, 7], and 
might even, albeit unknown, partially mitigate the consequences of climate change. Even though land-use might exert 
important impacts on PBAPs budgets, few studies have empirically studied how land-use affects PBAPs worldwide.

Fungi and their spores are major contributors to atmospheric aerosols [8–11]. Due to the condensation and/or ice 
nucleation activity of some fungi, they may influence cloud, rain, and hail formation [12–14]. While climate regulation 
research mediated by fungi is developing globally [3, 11], little is known about this process in Brazil that is home to some 
of the world’s largest forests. The situation is even more concerning in the Atlantic Forest, the most populated Brazilian 
biome that is also considered as a global biodiversity hotspot [15]. The biome, where more than half of the country’s 
population lives, is highly fragmented and degraded, which poses significant threats to the environment and to our 
ability to mitigate climate change consequences [16].

Land-use changes are known to alter fungal communities [17]. Most of these changes in the fungal communities are 
harmful and alter soil physiochemistry, microclimatic conditions and vegetation structure [18]. It has been shown, for 
instance, that shifts in land-use in the Amazon Forest reduce the number of fungal species [19] and favour generalist fungi 
to the detriment of other (more specialist) species [20]. The majority of studies investigating the impacts of land-use on 
fungi has, however, placed a great emphasis on soil fungal communities, given their role in biogeochemical cycles and 
litter decomposition [21, 22]. As a consequence, studies focusing on the relationship between land-use patterns and 
fungal PBAPs are rare and scarce, and even more needed in highly-fragmented biomes as the Atlantic Forest.

Considering the Atlantic Forest, this important biome has received less attention than the Amazon Forest concerning 
in situ PBAPs research [23]. Emygdio et al. [24] found that Cladosporium sp. was the most frequent and abundant fungal 
species regardless season and microclimatic conditions. In addition, higher concentrations of airborne fungi occur in 
the afternoon due to spore release [25]. Moreover, in a recent study, Mantoani et al. [26] have found that high altitudes 
(above 150 m) and rainfall occurrence impact on fungal spores, reducing their concentration in the atmosphere. Whilst 
all those studies are unveiling the relationship between fungal PBAPs and climate in the biome, more research is needed 
to boost our comprehension of macroscale human-induced effects in the Atlantic Forest.

In light of this lack of information, the aim of this study was to investigate the impacts of different land-uses on fungal 
PBAPs’ concentration and number of species within the Brazilian Atlantic Forest biome. Since land management impacts 
fungal communities [27, 28], study sites compared forests of different ages and management practices with annual and 
perennial crops. Spanning three Brazilian states and a distance of ca. 600 km, our sites allowed us to assess fungal spore 
diversity within different land-use contexts. We addressed the following hypotheses: (1) higher abundance and richness (i.e., 
number of species) of fungal PBAPs are found in more diverse areas (i.e., native forest reforestations and forest fragment) 
in comparison to monocultures (i.e., maize, coffee, and Eucalyptus) [29]; (2) there is a higher diversity of fungal aerosols in 
forested areas in comparison to crops due to the structure of the vegetation [6]; (3) higher sampling heights have lower 
concentrations of fungal spores than levels closer to the ground due to the ground cover being a source of the aerosols [26]; 
and (4) there is a higher abundance and richness of fungal PBAPs at the end of the day (afternoon) in comparison to the 
morning, since warmer temperatures favour spore release and given that some fungal species present diel cycles [25, 30].

2  Material and Methods

2.1  Study Sites

2.1.1  Londrina, Paraná state

A maize plantation (ca. 1.80 m tall) and a 7-year-old native species reforestation (ca. 8 m tall) adjacent to an Atlantic 
Forest fragment (“Mata dos Godoy” State Park), in the city of Londrina, in the northern part of the state of Paraná, 
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(23°44′23.23″S, 51°25′83.61″W), were investigated. Sites are ca. 500 m apart and the elevation of both sites is ca. 
600 m a.s.l. The climate is humid subtropical (Cfa), presenting warm and rainy summers and mild dry winters with 
uncommon frosts, with an average annual temperature of 21 °C and an average annual rainfall of ca. 1,600 mm. 
Soil at the studied sites is classified as Eutroferric Red Nitosol [31]. The 7-year-old native species restoration site 
(thereafter referred to as REF7) is ca. 4 ha, has a spacing of 2 × 3 m, and it is dominated by Alchornea cf. glandulosa, 
Heliocarpus popayanensis, Phytolacca dioica, Schinus terebinthifolius, and Senna multijuga, native tree species that 
make up approximately 80% of all species used in the initial plantation. The maize plantation (thereafter referred 
to as MAIZE) planted on March 2021 (i.e., 3-months-old) was in a pre-flowering phenological state, had a spacing of 
0.50 × 0.50 m and is ca. 65 ha.

2.1.2  Arceburgo, Minas Gerais state

We collected fungal PBAPs at Fazenda Cachoeira (21°23′36.50″ S; 46°55′15.87″ W), located in Arceburgo, a city in 
the south region of the state of Minas Gerais. For that, a 25-year-old coffee plantation (i.e., Coffea arabica; thereafter 
referred to as COFFEE) was compared with a native forest fragment (thereafter referred to as FOR). Distance between 
sites was 50 m, elevation is ca. 700 m a.s.l. and the soil is classified as Eutrophic Red-Yellow Argisol. The climate is 
humid subtropical climate (Cwa), also presenting warm and rainy summers and mild dry winters. The coffee planta-
tion (spacing of 3 × 1.20 m) covers an area of 40 ha, is 25-year-old, and has an average tree height of ca. 2.50 m. The 
native forest fragment is ca. 40 ha and has a canopy of ca. 8 m dominated by the species of Bastardiopsis densiflora, 
Cabralea canjerana, Guarea kunthiana, Lonchocarpus muehlbergianus, and Trichilia claussenii.

2.1.3  Itatinga, São Paulo state

Two contrasting forest ecosystems located close to Itatinga, at the central-south region in the São Paulo state, both 
belonging to the Forest Science Experimental Station ((23°04′79.04’’S; 48°63′76.77′′W) of the “Luiz de Queiroz” College 
of Agriculture (ESALQ), University of São Paulo, were also studied. The 2-year-old native forest restoration planta-
tion (840 m. a. s. l.; thereafter referred to as REF2) covers an area of 30 ha and had an average tree height of ca. 2 m. 
Six native tree species composed the plantation: Cariniana estrellensis, Cecropia pachystachya, Guazuma ulmifolia, 
Hymenaea courbaril, Handroanthus impetigionosus, and Syagrus romanzoffiana. The 2.5-year-old clonal plantation of 
Eucalytpus urophylla (750 m. a. s. l.; thereafter referred to as EUC) had an average tree height of ca. 16 m and an area 
totalling 90 ha. Distance amongst sites is ca. 10 km, soil is classified as Dystrophic Red-Yellow Latosol and the climate 
is humid subtropical climate (Cfa) as the other two sites.

2.2  Experimental Design and Data Collection

We collected fungal PBAPs using a portable Burkard air sampler (Burkard Manufacturing Co., Hertfordshire, UK) at each 
of the six sites. Data was collected on 11 May 2021 at Londrina, on 26 May 2021 at Arceburgo, and on 3 May 2021 at 
Itatinga. Three sampling heights were assessed (1 m, 5 m, and 10 m above-ground level) with the aid of an adapted 
telescopic pole attached to a holder that secured the Burkard air sampler (Supplementary Fig. 1). The exception was the 
Eucalyptus plantation at Itatinga, in which the canopy height was above the others, and thus, sampling heights were 1 m, 
5 m, and 20 m, and data were collected using the levels of the eddy covariance tower located at that site. We have also 
collected data in the morning (ca. 09:00) and afternoon (ca. 17:00) to check for diel differences. Moreover, heights were 
sampled consecutively and sampling of the three heights was completed within 20 min for each site and sampling time.

The portable Burkard air sampler sampled the air for 5 min and a total volume of 50 L of air was collected for 
each slide (10 L/min) [25, 26]. Slides were prepared with a “Melinex” tape coated with an adhesive and sampling was 
carried out during sunny days with calm wind conditions. One slide per height per sampling time per site was col-
lected, totalling 6 slides per site and 36 slides analysed for the whole experiment (i.e., 1 slide × 3 heights × 2 sampling 
times × 6 land-use patterns = 36 slides). The Portable Burkard air sampler has a theoretical cut-off size of 2.52 µm 
and a 2.3–2.4 µm experimental cut-off size [32]. More information regarding the portable Burkard air sampler can 
be found in Aizenberg et al. [32].
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Following the procedures of Rogers and Muilenberg [33], sampled slides were fixed using glycerine jelly to cover 
the entire slide. Slides were analysed thoroughly using a microscope at a 1000×magnification. Fungal PBAPs’ abun-
dance and richness were determined for each slide by means of analysis and classification by a specialist following 
Emygdio et al. [24, 25] and Mantoani et al. [26]. For that, all fungal spores were counted and identified as per Haines 
et al. [34]. As presented in Mantoani et al. [26], to infer fungal concentration per cubic metre of air (spores  m−3), we 
divided the total number of spores counted by the total air volume sampled by the portable air Burkard sampler using 
Eq. 1. Finally, the frequency of fungal spores (expressed as a percentage) was determined by dividing the number of 
times each morphotype-species appeared in any slide by the total number of slides (for instance, if a morphotype-
species has frequency of 50%, it appeared in 18 out of 36 slides).

2.3  Determination of Fungal PBAPs Flux and National Emissions

A flux-gradient method was used to estimate fungal spore fluxes at the Eucalyptus sampling site (EUC) deriving data 
from a gradient of concentrations using two heights (1 and 20 m). The method follows the Monin–Obukhov similarity 
theory [35] and assumes that in the atmospheric surface layer the flux of a scalar is a function of the aforementioned 
gradient, the sampling heights, and a transport velocity that is dependent on atmospheric turbulence and stability. 
For further details about the application of this method to culturable airborne microorganisms see Carotenuto et al. 
[36] and references therein. Due to the lack of an eddy covariance system in the other land-use patterns/sites, we 
have utilised the results achieved at the Eucalyptus site to infer fungal spore emissions elsewhere. The limitation of 
this flux calculation (and extrapolation) is that we were only able to use one sampling time (09:00) for a single site, 
deriving its flux estimation results to others. Consequently, estimation on fungal spore emissions should be inter-
preted with care.

To infer annual fungal spore emissions by land-use type for the entire country, we have used the following approach. 
First, we have calculated the total area of each land-use type at the municipality level within the Brazilian Atlantic Forest 
biome. For that, data from the 2021 Brazilian Institute of Geography and Statistics (IBGE) [37] agricultural census were 
used to obtain the coffee and maize area for each Brazilian municipality. Data for the other land-use types were obtained 
using two different products of the MapBiomas project [38], which produces annual land-cover mappings with data from 
the Landsat satellite series (30 m spatial resolution) from 1985 onwards. The first product used was the land cover map 
for 2021, from which the “Forest Plantation” class was extracted to represent areas with Eucalyptus in Brazil. Although 
Eucalyptus composes more than 75% of all planted trees in Brazil, ranking in first [39], other tree species planted for 
commercial purposes (e.g., Pinus sp.) are also included in this land product. Since this type of data is gathered altogether, 
we were unable to dissociate Eucalyptus land-cover area from other species’, which is a limitation of our study.

The second product used was the “Deforestation” and “Secondary Vegetation” maps for 2019, which was used to 
estimate areas of forest fragments and reforestation sites. The 2019 product was used in this second case, as this is the 
most recent product available in the MapBiomas platform. After estimating the total area of each land-use type within 
the whole Atlantic Forest biome, we have used a straightforward calculation to estimate fungal spore emission for each 
of the other five land-use types without an eddy covariance tower. For this, data was derived by using the estimation 
obtained for the Eucalyptus site (spores  m−2  s−1) to the other five sites. Subsequently, we have scaled that up to hectares 
(spores  ha−1  s−1), multiplied it by the total area of each land-use in the whole of Brazil (spores per million  km2  s−1), and 
converted the final number to estimate annual spore emissions in billions of spores per million of  km2 (i.e., spores ×  109 
 km2 ×  106  y−1) for the entire country.

2.4  Culturable Fungal Sampling

At Itatinga, São Paulo state, in both the 2.5-year-old Eucalyptus plantation and in the 2-year-old native forest resto-
ration area, in addition to fungal spore sampling using the portable Burkard air sampler, a Microbial Air Monitoring 
System (MAS100, Merck KGaA, Darmstadt, Germany) was used to collect culturable fungi. As per Mantoani et al. 
[26], the instrument sampled a total volume of 250 L of air into sterile Petri dishes with plates containing a modified 

(1)
Spores

m−3
=

Number of spores counted

Flow rate
(

m−3
)

× sampled time(min)
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Dicloran Rosa Bengal culture medium [40]. Plates were immediately put inside a thermal box once sampling was 
done, and then stored at 4 °C pending analysis. The samples were incubated at 30º ± 2 ºC for up to 7 days for isola-
tion and identification at the Adolfo Lutz Institute Mycology Laboratory, in São Paulo, Brazil. A total of 12 plates 
were collected, one plate for each sampling height (i.e., 1, 5, and 20 m, at the Eucalyptus site, and 1, 2, and 5 m, at 
the restoration site, respectively) for each sampling time (morning,  ca. 09:00, and in the afternoon,  ca.17:00). Fungi 
were cultured and a Matrix-Assisted Laser Desorption Ionization Time-of-Flight Mass Spectrometry (MALDI-TOF MS; 
Bruker Daltonics, Billerica, Massachusetts, USA) was used to classify fungal samples at the genus level [41]. Finally, 
frequency of fungi (expressed as percentage) was determined dividing the number of times each morphotype-species 
appeared in any plates by the total number of plates (for instance, if a morphotype-species has frequency of 50%, it 
appeared in 6 out of 12 plates).

2.5  Statistical Analyses

Data on fungal spore concentration and number of species from the Burkhard samplers were log-transformed to 
satisfy the assumptions of normality (Shapiro–Wilk’s test) and homoscedasticity (Levene’s test). Analysis of Variance 
(ANOVA) followed by Tukey’s HSD post-hoc test was used to check differences in spore concentration and number of 
species at different six land-uses (i.e., coffee plantation, Eucalyptus plantation, maize crop, two native forest refor-
estation types, and a forest fragment), different sampling heights (1 m, 5 m, and 10/20 m above ground level), and 
distinct sampling hours (i.e., mornings, 09:00 h, or afternoons, 17:00 h). In parallel, we calculated the differences (i.e., 
‘delta values’) in spore concentration between successive sampling heights and estimated the 95% confidence inter-
val around their mean to check for the existence of PBAPs gradient. All analyses were performed with a significance 
level of α = 0.05, using Statistica v. 14.0.0.15. In contrast, analysis of culturable fungi is solely descriptive due to the 
low number of samples collected.

3  Results

3.1  Properties of the Pool of Airborne Fungal Spores above the Atlantic Forest biome

3.1.1  Fungal Spores Composition Analysis

A total of 14 morphotype-species were identified using the portable Burkard air sampler. These were: Alternaria sp., 
Aspergillus/Penicillium-like (hereafter, Asp/Pen-like), Cladosporium sp., Curvularia sp., Drechslera-like, Epicoccum sp., 
Ganoderma sp., Leptosphaeria-like, other Mitospores, Pithomyces sp., Spegazzinia sp., Tetraploa sp., Torula sp., and 
Venturia-like (Fig. 1A). Asp/Pen-like, Cladosporium sp. and Torula sp. were the only morphotype-species that were 
present above all land-use patterns analysed. Concerning their frequency, Cladosporium sp. were the only fungi 
present in all samples (100%). Asp/Pen-like spores were present in more than 60% of samples and Torula sp. reached 
50%, with all the other morphotype-species having varied levels of frequency. Ganoderma sp., Leptosphaeria-like, 
other Mitospores, and Tetraploa sp. only appeared in one sample each.

Regardless of the sampling location (i.e., different land-use patterns), sampling height (i.e., 1, 5, or ≥ 10 m), and 
sampling time (i.e., mornings, 09:00 h, or afternoons, 17:00 h), Cladosporium sp. constituted as much as 95% of all 
fungal spores collected (Table 1). Torula sp. was the second most abundant with ca. 3%, and Asp/Pen-like the third 
with ca. 1%. All the other 11 morphotype-species taken together constituted ca. 1%. However, the contribution to 
the fungal budget varied amongst land-use types when they were accounted for separately. A greater contribution 
(above 10%) of Asp/Pen-like was registered in the maize plantation and in the 7-year-old restoration site, both in 
the region of Londrina (Paraná state). Moreover, virtually all spores collected at the Eucalyptus plantation (99.58%) 
and at the 2-year-old reforestation using native species (98.59%), both at Itatinga (São Paulo), were identified as 
Cladosporium sp.
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3.1.2  Fungal PBAPs and Land‑use Patterns

The 25-year-old coffee plantation exhibited the highest spore concentration (141,707 ± 82,161 spores  m−3), followed by 
the 2-year-old native species reforestation site (80,850 ± 18,296 spores  m−3), and the 2.5-year-old Eucalyptus plantation 
(51,897 ± 34,083 spores  m−3; Fig. 2). The forest fragment had an average of 38,330 ± 15,517 spores  m−3 and the 7-year-old 
native species reforestation 22,343 ± 15,670 spores  m−3. Maize was the land-use pattern with the lowest concentration 
of fungal PBAPs, with an average of 4,193 ± 984 spores  m−3 only (Fig. 2), significantly smaller than coffee  (F5,30 = 4.851; 
P = 0.002; 95% CI = − 2.242, − 0.235) and the 2-year-old restoration area  (F5,30 = 4.851; P = 0.002; 95% CI = -2.290, -0.283).

Consequently, forest systems had as much as 5-to-19-fold more fungal spores than maize crops. The number of fungal 
species was also higher at the coffee plantation (8.17 ± 0.95) in comparison to maize (2.17 ± 0.60;  F5,30 = 6.974; P < 0.001; 
95% CI = 0.203, 1.055) and Eucalyptus (2.00 ± 0.26;  F5,30 = 6.974; P < 0.001; 95% CI = 0.190, 1.042). Moreover, fungal richness 
was also higher at the forest fragment (6.50 ± 1.41) in comparison to maize (95% CI = 0.027, 0.878) and Eucalyptus (95% 
CI = 0.014, 0.865). Thus, maize crops and Eucalyptus plantations showed the lowest numbers of fungal morphotype-
species amongst all the six land-use types investigated in our study (Fig. 3).

3.1.3  Sampling Height and Diel Time

There were no differences in the concentration  (F2,33 = 2.900; P = 0.069) and number of fungal species  (F2,33 = 0.826; 
P = 0.447) with increasing sampling height, and no interactions between land-types and sampling heights for spore 

Fig. 1  A Total frequency (as 
a percentage of appearance 
in all samples) of all the 14 
fungal morphotype-species 
identified using the portable 
Burkard air sampler in the 
six land-use types studied, 
and B, total frequency of 
all the 8 culturable fungal 
morphotype-species identi-
fied using the Microbial Air 
Monitoring System (MAS100) 
in the 2.5-year-old Eucalyptus 
site and the 2-year-old native 
forest restoration plantation 
only, Itatinga, São Paulo state
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concentration  (F10,18 = 1.64; P = 0.174) and fungal richness  (F10,18 = 1.45; P = 0.237) were detected as well. Despite this, 
we have detected the existence of an actual gradient on fungal spores since there were significant differences between 
‘delta values’ when considering successive sampling heights for samples collected in morning (P < 0.05; Mean = 72,840; 
CI = 1,946; 143,733). In addition, there were no differences between the concentrations  (F1,34 = 0.391; P = 0.845) and rich-
ness of fungal spores  (F1,34 = 0.003; P = 0.956) when morning was compared to the afternoon, and no interactions between 
treatments and diel time was detected for spore concentration  (F5,24 = 0.972; P = 0.454) or fungal richness  (F5,24 = 1.06; 
P = 0.405).

Table 1  Total fungal concentration (spores  m−3) and percentage contribution to the different land-use patterns

Fungal PBAPs and Land-use Patterns

COFFEE, 25-year-old coffee plantation at Arceburgo; EUC, 2.5-year-old Eucalyptus plantation at Itatinga; MAIZE, 3-months-old maize plan-
tation at Londrina; REF2, 2-year-old native species reforestation at Itatinga; REF7, 7-year-old native species reforestation at Londrina; FOR, 
forest fragment at Arceburgo, TOTAL, considering all spores collected; Other Types, gathers data of the 11 morphotype-species, including 
Alternaria sp., Curvularia sp., Drechslera-like, Epicoccum sp., Ganoderma sp., Leptosphaeria-like, other Mitospores, Pithomyces sp., Spegazzinia 
sp., Tetraploa sp., and Venturia-like, that comprise c. 1% of all fungal spores collected

Total concentration (spores  m−3)

Land-use Pattern Cladosporium sp. Torula sp. Asp/Pen-like Other types Total

COFFEE 777,720 51,240 2660 18,620 850,240
EUC 310,060 80 1140 100 311,380
MAIZE 21,700 440 2920 100 25,160
REF2 478,240 240 640 5980 485,100
REF7 120,080 320 13,500 160 134,060
FOR 220,720 4380 3320 1560 229,980
Total 1,928,520 56,700 24,180 26,520 2,035,920

Contribution (%)

Land-use Pattern Cladosporium sp. Torula sp. Asp/Pen-like Other types

COFFEE 91.47 6.03 0.31 2.19
EUC 99.58 0.03 0.37 0.03
MAIZE 86.25 1.75 11.61 0.40
REF2 98.59 0.05 0.13 1.23
REF7 89.57 0.24 10.07 0.12
FOR 95.97 1.90 1.44 0.68
TOTAL 94.72 2.78 1.19 1.30

Fig. 2  Total concentration 
(spores  m−3 × 1000) of fungal 
spores collected at the differ-
ent sampling sites (n = 6 ± SE), 
regardless sampling time or 
height. COFFEE, 25-year-old 
coffee plantation at Arce-
burgo; EUC, 2.5-year-old Euca-
lyptus plantation at Itatinga; 
MAIZE, 3-months-old maize 
plantation at Londrina; REF2, 
2-year-old native species 
reforestation at Itatinga; REF7, 
7-year-old native species 
reforestation at Londrina; FOR, 
forest fragment at Arceburgo
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3.1.4  Fungal Spore Fluxes at the Eucalyptus site and Estimated National Emissions

Regarding the flux of fungal spores at the Eucalyptus site, we estimated a total of 6649 spores  m−2  s−1 to be emitted in 
the morning (09:00 h) of the sampling day. When extrapolating this to the other land-use types at the national level, the 
annual spore emission rate estimated for each of the six land-use types in the entire biome ranked (from the highest 
emission rate to the smallest) as the following: 7-year-old native forest restoration > forest fragment > 2-year-old native 
forest restoration > coffee > Eucalyptus > maize (Table 2; Fig. 4).

3.2  Properties of the Pool of Airborne Culturable Fungi above the Atlantic Forest biome

In total, eight culturable fungal species were identified in the Eucalyptus stand and the 2-year-old native forest restoration 
plantation (Fig. 1B). Cladosporium sp. and Fusarium sp. were present in all samples (frequency of 100%). Neurospora sp. 
and Penicillium brevicompactum were only present in the 2.5-year-old Eucalyptus site. On the other hand, Mucor circinel-
loides and Curvularia lunata appeared only in the 2-year-old restoration area.

Fig. 3  Total number of fungal 
species (richness) collected in 
the different sampling sites 
(n = 6 ± SE), regardless sam-
pling time or height. COFFEE, 
25-year-old coffee plantation 
at Arceburgo; EUC, 2.5-year-
old Eucalyptus plantation at 
Itatinga; MAIZE, 3-months-old 
maize plantation at Londrina; 
REF2, 2-year-old native spe-
cies reforestation at Itatinga; 
REF7, 7-year-old native spe-
cies reforestation at Lond-
rina; FOR, forest fragment at 
Arceburgo

Table 2  Estimated annual spore emissions in billions of spores per million of  km2 by land-use type for the whole Brazilian Atlantic Forest 
biome

Treatment Total concentration (spores  m−3) Area size (hectare) Estimated emis-
sion (spores 
 m−2  s−1)

REF7 134,060 4 64,409
FOR 229,980 40 11,049
REF2 485,100 30 31,075
COFFEE 850,240 40 40,849
EUC 311,380 90 6649
MAIZE 25,160 65 743

Treatment Total area in the biome (million  km2) Estimated emissions for the whole biome 
(billions of spores per million  km2 per 
year)

REF7 0.06556 1,331,893
FOR 0.18879 657,830
REF2 0.06557 642,590
COFFEE 0.01388 178,764
EUC 0.04205 88,181
MAIZE 0.05147 8971
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4  Discussion

Both the first hypothesis on a higher diversity (i.e., abundance and richness) of fungal PBAPs linked to more diverse 
and structured areas (i.e., forest sites composed by native species) opposed to monocultures (i.e., maize, coffee, 
and Eucalyptus), and the second hypothesis that forested areas benefit fungal species more than crops, can be only 
partially accepted. The reason for this is that, unexpectedly, the coffee plantation had the highest abundance and 
richness of fungal spores, indicating that whilst this is a site composed mainly by a single plant species, it still can 
accommodate a high diversity of fungi. It is important to notice that the coffee plantation we evaluated was the 
‘standard’ used in Brazil (i.e., full-sun) [42], in which in between plantation lines there is some growth of perennial 
herbs and grass species. Whilst that might influence the budget of airborne fungal spores, this would be minimal 
since coffee plants cover most of the studied area, reducing the grow of other species to a minimum. Furthermore, 

Fig. 4  Total annual spore emission estimates (in billions of spores per million hectares) categorised by land-use type for Brazilian munici-
palities within the Atlantic Forest biome. COFFEE, 25-year-old coffee plantation at Arceburgo; EUC, 2.5-year-old Eucalyptus plantation at 
Itatinga; MAIZE, 3-months-old maize plantation at Londrina; REF2,  2-year-old native species reforestation at Itatinga; REF7, 7-year-old native 
species reforestation at Londrina; FOR, forest fragment at Arceburgo; Total, the sum of estimated emissions for the evaluated land-use types 
in the whole Atlantic Forest biome
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although coffee planted underneath trees and polyculture are also used and might represent some of the data we 
analysed using the MapBiomas system, we cannot dissociate those from the full-sun coffee, which is a limitation of 
our study.

The atmosphere above the monoclonal Eucalyptus plantation exhibited similar (and not statistically distinct) abun-
dance of fungal spores in comparison to the other forest systems composed by native species. Fungal species richness, 
on the other hand, appears to be more sensitive to shifts in land-use in comparison to fungal spore concentration [19, 
20]. For instance, maize and Eucalyptus had the lowest numbers of species (average of 2), being composed mainly by 
Cladosporium sp. and Asp/Pen-like, whereas the other land-use patterns also presented other morphotype-species. 
Leptosphaeria-like and Tetraploa sp., for example, only appeared in sites dominated by native plant species, which 
could imply that these fungal species, like as many other fungi, could be considered as environmental indicators for 
habitat quality shifts [43]. In addition, Silva et al. [44] also found a lower diversity of macrofungi species in planted 
forest in comparison to native forest areas in Central Portugal, indicating that even a shift of dominant tree species 
while retaining similar ecosystem structure is sufficient to alter fungal communities.

In disagreement with our third hypothesis, and other studies [25, 45], the total abundance and richness of fungal 
spores did not decrease with increasing height. This might indicate that below 20 m there are no distinct patterns in 
fungal PBAPs and only at higher altitude levels (i.e., above 150 m) these differences become clearer [26]. Our fourth 
hypothesis that sampling time would impact fungal spores was also not confirmed. This could partially be explained 
by the low replication in our study, as other studies have identified that some fungal species do have diel effects and 
are impacted, for instance, by air humidity [30, 45, 46].

Interestingly, the high number of spores being emitted at the Eucalyptus site (6,649 spores  m−2  s−1) indicate that 
even though these ecosystems appear to host and emit a reduced number of fungal species, they still have a huge 
numerical contribution to the fungal atmospheric budget. While our sampling refers to only one site and sampling 
hour, the rate that we observed was 100-fold bigger compared to the annual mean emission rate of ca. 60 spores 
 m−2  s−1 across the USA [11]. Furthermore, our results are comparable to fungal fluxes estimated by Crawford et al. 
[47] in a Colorado pine forest (− 6000 to + 6000 spore-like  m−2  s−1) and by Taha et al. [48] in composting windrows 
(8.3–11.1 × 1000 Colony Forming Units  m−2  s−1 of Aspergillus fumigatus). When extrapolating this result to a basis of 
total area in the entire country for each of the six land-use types studied, managed crops (i.e., coffee, Eucalyptus, and 
maize) have shown a much smaller contribution (i.e., up to 148-fold less) to the fungal atmospheric budget than res-
toration areas or the native forest fragment. This is probably related to land management since the cultivation areas 
have undergone fertilisation and herbicide spraying for a long time amongst the use of other chemical. Obviously, 
a more intense land management should have impacted fungal communities [27, 28] and their ability to produce 
spores, reducing, in the case of the maize and Eucalyptus sites, the fungal airborne communities as an indirect effect 
of herbicide-treatment [49, 50].

It is important to remember that maize and Eucalyptus were the land-use types with the smallest number of fungal 
species in the aerosol component, indicating that by replacing large areas of native forest by such monospecific stands, 
a homogenisation of airborne fungi is occurring, with unknown consequences for climate regulation. As for the dis-
tribution of spore emissions for coffee plantations, it is notable that while they exhibit high values, they are generally 
concentrated in specific areas. Particularly, noteworthy are the Brazilian states of Minas Gerais (10,023  km2) and Espírito 
Santo (3,890  km2), which encompass the largest coffee-growing regions in Brazil. On the other hand, the remaining forest 
fragments and reforestation types (REF7 and REF2) exhibit a relatively similar distribution throughout the biome, with 
municipalities generally sharing similar profiles, confirming the degradation of the Brazilian Atlantic Forest [16] and the 
urgent need to restore it [51]. Given that fungi are highly affected by environmental variations and specific conditions of 
temperature and humidity [30, 45, 46], and considering the environmental heterogeneity of the Atlantic Forest [16], our 
initial results (and extrapolations) should be taken with care. However, they point out the need to perform more research 
in this area in Brazil and elsewhere, since monospecific stands (i.e., coffee and Eucalyptus) within a biodiversity hotspot 
might still present relatively high rates of fungal spore emission, though they are much less diverse [44].

Finally, although a total of 14 and 8 morphotype-species were found using the portable Burkard air sampler or 
the MAS100, respectively, we are aware, however, that there is a much higher diversity of fungi in Brazil, with more 
than 3,000 species detected in the Atlantic Forest biome alone [52]. One explanation could be that some fungi 
species/genera were simply not detected in our study because they do not produce airborne spores (i.e., yeasts). 
Other genera, particularly of culturable fungi, are not so easily detected because culture on growth media can be 
problematic. Consequently, researchers should consider the techniques they are using to assess the fungal PBAP 
budget, since other approaches (e.g., eDNA) might lead to different results [53]. Moreover, sampling low volumes of 
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air could be another explanation, specifically for the portable Burkard air sampler, since typically, more than 20  m3 
of air are collected for aeromicrobiome analysis, and we analysed a total volume of 1.8  m3 (50 L of air per slide × 36 
slides = 1800 L of air or 1.8  m3 of air).

That said, this would perhaps increase the number of fungal species but would not change the fact that Clad-
osporium sp. is much more abundant than any other type of fungi. It is important to note that Cladosporium sp. 
accounted for more than 95% of all fungal spores collected using the portable Burkard and it was present in all 
samples collected with both instruments. As a matter of fact, this indicates the ubiquity of this fungal genus that 
could be used as a proxy to evaluate other species in the Atlantic Forest [25, 26] and in other environments or even 
in global studies [54], warranting more research on this topic. This way, if researchers focus on this morphotype-
species, they are evaluating most fungal spores that they could sample. This high number indicates that research 
may not be compromised if other fungal species are not included in the analysis, or if there is limitation on budget/
time restriction, which is often the case.

5  Conclusions

The results of our study suggest that land-use profoundly affects the fungal PBAP profile in the boundary layer of 
the Atlantic Forest biome, having a large effect on the total number of fungal spore species. For example, forest 
systems (such as the reforestation using native species and the forest fragment) had as much as 5-to-19-fold more 
fungal spores than maize crops. Data has also shown that sampling height of up to 20 m and diel time (morning 
vs afternoon) did not influence fungal spore concentration and richness, and despite a low retrieval of only 14 
morphotype-species using the portable Burkard air sampler, Cladosporium sp. corresponded to as much as 95% of 
all fungal spores collected, being present in all samples collected (frequency of 100%). In addition, Cladosporium sp. 
presented a frequency of 100% in all samples collected using the MAS100. This indicates that this fungus could be 
used as a proxy for other fungi and/or in studies that aim at relating fungal PBAPs with climate. Finally, the high flux 
rate of 6649 spores  m−2  s−1 estimated above the Eucalyptus site, demonstrates that within the Atlantic Forest biome, 
even a monoclonal plantation, shows a significant contribution to fungal PBAPs. Nevertheless, our study confirms 
that land-use patterns affect fungal PBAPs, and that replacing large areas of native Atlantic Forest by monospecific 
stands, a homogenisation of airborne fungi is occurring, with unknown consequences for climate regulation.
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