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Abstract

Fungal spore calendars help illustrate the abundance and distribution of spores throughout
the year, enabling clinicians and patients to predict and treat allergic symptoms based on
spore presence and concentration. This three-year study (2021-2024) established the first
fungal spore calendar for the most clinically important spore types in Lima, Pert: Alternaria,
Cladosporium, Nigrospora, Curvularia, Drechslera, Fusarium, and Stemphylium. Air sampling
was performed using a Burkard volumetric spore trap placed on the rooftop of SANNA
Clinica el Golf in San Isidro, Lima. Cladosporium was the most abundant (37,945 spores/m?),
followed by Nigrospora (11,558), Curvularia (3946), Fusarium (2454), Alternaria (2138), Drechslera
(1850), and Stemphylium (201). The highest concentrations of Alternaria, Nigrospora, Curvularia,
and Drechslera were recorded in 2023-2024, with seasonal peaks mainly during spring/sum-
mer. Meteorological correlations showed that Alternaria, Cladosporium, Nigrospora, and Cur-
vularia were positively correlated with temperature while Drechslera had a negative correla-
tion. Cladosporium, Curvularia, Fusarium, and Stemphylium were negatively correlated with rel-
ative humidity, while other types showed a mix of both positive and negative responses or
inverse responses. These two meteorological parameters are likely the main influences on
spore concentrations; however, other factors may include other meteorological parameters.
Cladosporium correlated positively with southwesterly winds, and negatively with north-
westerly, winds, and Curvularia was positively correlated with northeasterly winds.

Keywords: aerobiology; spore calendar; allergies; meteorological parameters; Lima; Pert

1. Introduction

Exposure to aeroallergens such as fungal spores, pollen grains, and dust mites can cause
sensitization and the onset of allergic symptoms such as rhino conjunctivitis. Sensitization
rates are variable and are influenced by several factors not only on an individual level, such
as age and genetic predisposition, but also on a broader scale, such as geographic location,
vegetation, climate change, pollution, allergen abundance, and allergenicity [1]. Similarly,
the aeroallergens themselves are highly variable; allergen size, allergenicity, abundance,
and duration in the atmosphere are all factors that influence the presence of symptoms as
well as their severity and duration. Cross-reactivity among allergens, such as between
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Cladosporium and Alternaria [2], and overlapping seasons also have consequences on pro-
longed exposure, and pollution can also affect the allergenicity of certain particles [3].

Furthermore, on the most basic level, the presence and concentrations of these aeroaller-
gens are dependent on geographic location, climate, and vegetation, hence the importance of
site-specific aerobiology research. Calendars tracking the seasonality and abundance of differ-
ent aeroallergens over the course of several years have been created for cities all over the
world, and each one is entirely unique. A study comparing aeroallergen abundance and sen-
sitization rates between Lima, Perti and Tenerife, Spain, two areas with similar climates, sug-
gested that the “Spanish population is exposed to a greater variety of pollen allergens,
leading to broader sensitization” [1] (p. 10) compared to the Peruvian population [1].

Pollen and fungal spores have been studied extensively for decades in many countries
in Europe and North America; however, there is a large gap in research in many areas in-
cluding Latin America. The Red Latinoamericana de Aerobiologia (RLA) was created in
2023 and only includes eight member states at present, each with only one monitoring station
in big cities and towns associated with the RLA apart from Brazil and Puerto Rico which
have two stations: Perti (Lima), Argentina (Bahia Blanca), Ecuador (Samborondon), Paraguay
(Asuncioén), Chile (Santiago), Mexico (Ciudad Victoria), Brazil (Parand and Belo Horizonte),
and Puerto Rico (San Juan and Caguas) [4]. The goal of the RLA is to facilitate research, com-
munication, and education both between countries, as well as with patients; RLA members
are all adequately trained professionals united by one common goal: to better treat and pre-
vent allergic symptoms. Many of these monitoring stations have only started sampling in the
last five years and are now starting to publish initial findings with the help of these more ex-
perienced stations, while others have been publishing studies for longer and are currently
adding to the existing research. However, even these countries that have established monitor-
ing stations require additional air monitoring and allergy research to reach those goals.

One study from México by Ortega Rosas et al. [5] found that the most abundant spore
type was Cladosporium, followed by Ascospores, Smut, Alternaria, and Diatrypaceae, and the
highest concentrations occurred in the summer—fall months when temperatures are higher.
Many studies found that the fungal spore with the highest atmospheric concentrations was
Cladosporium, found throughout the year with peaks in the summer and fall months when
temperatures are higher [5-9]. In fact, they also report that the seasons with the highest total
concentrations of spores are summer and fall [5-9]. Some articles also reported Alternaria as
having significant airborne concentrations, although not to the same extent as Cladosporium
[5,7-9]. Other spore types analyzed in this article are often not represented in previous stud-
ies due to them being present in comparatively low concentrations as compared to the types
that are most common in these particular study areas, or due to their absence in these at-
mospheres as a result of different geographies and vegetation. One study from Argentina
reported the presence of Epiccoccum, and Botrytis in large concentrations following those
of Cladosporium and Alternaria [7]. Another study from Argentina reported that following
Cladosporium, Leptosphaeria, Coprinus, and Agaricus had the highest concentrations in the at-
mosphere [6]. A study from Colombia found that the majority of spores identified, including
Alternaria and Cladosporium, were of allergenic importance, such as Curvularia, Drechslera, Ep-
icoccum, Fusarium, Leptosphaeria, Nigrospora, Pleospora, and Ustilago, to name a few [8]. A
study from Chile, similarly, found that Stemphylium, Torula, Epicoccum, Ganoderma, Hel-
minthosporium, Chaetomium, and Pleospora totaled only 1.9% of annual fungal concentra-
tions, as Cladosporium and Alternaria were the types that contributed most to airborne an-
nual fungal concentrations [9].

Aerobiology research in Peru is still in its beginning stages, with most, if not all, re-
search being conducted out of one monitoring station in the capital city of Lima [10,11]. The
research that has been published has been limited to identifying the most prevalent aeroal-
lergens in the atmosphere that are of clinical importance, as well as the sensitization rates
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allergic patients have to these allergens in Lima, Perti. One study reports that, of the identified
clinically relevant types, Cladosporium herbarum (14%) and Fusarium (13.5%) had the highest
sensitization rates, followed by Nigrospora, Alternaria alternata, Stemphylium, Drechslera/Hel-
minthosporium, Curvularia, and lastly, Aspergillus fumigatus [10]. Another study found that
Cladosporium herbarum, Nigrospora, and Alternaria alternata were the most abundant fungal
spores in the atmosphere and showed peaks during the summer and autumn months [11].

Comprehensive studies would entail the creation of a calendar that tracks the start and
end dates of each identified spore type as well as its concentration throughout the year and
would also identify the total atmospheric concentrations, including those of unidentifiable
particles. Data collection would span several years to allow for the study of yearly and sea-
sonal variability, as well as to study the impacts that meteorological parameters and climate
change could have on the allergen data. Identifying total atmospheric concentrations rather
than just allergens of clinical importance would allow researchers, clinicians, and patients
to identify the proportion of each allergen to the total concentration of particles at a given
time and place. This study aims to provide a more comprehensive understanding of the
seasonality and abundance of these clinically important aeroallergens.

2. Materials and Methods
2.1. Study Location

Lima (12°03'36" S 77°02'15" W) is the capital of Perti and is one of the most populated
cities in the world, having over 10,391,000 inhabitants in 2018 [12]. Lima is characterized by
its coastal desert landscape, with Central Lima being surrounded by an unvegetated desert.
To the west, Lima is bordered by the Pacific Ocean, and to the right, it is flanked by the Andes
mountains [13]. Central Lima has an elevation of about 156 m above sea level. Due to its
proximity to the coast, Lima can be described as having a desert climate with subtropical
characteristics, as it has mild temperatures (ranging from 16 to 18 °C), low annual precip-
itation, high humidity, and extensive cloud cover [13].

2.2. Air Sampling and Calculation of Spore Concentrations

A Hirst-type Burkard volumetric 7-day spore trap (Burkard Manufacturing Co. Ltd,
Rickmansworth, UK) was placed on the rooftop at a height of 20 m above ground level at
SANNA Clinica El Golf, San Isidro, Lima, Pert1 (12°5'54" S 77°3'6” W; 129 m.a.s.L.) (Figure 1).
This air sampler allowed for continuous monitoring of airborne particles, aiding in the cre-
ation of a more complete spore calendar. Monitoring was carried out from 1 January 2021
through 31 December 2024.

The samples were prepared and stained with fuchsine for analysis under an optic
microscope at a magnification of 40x. Fungal spores along four horizontal transects were ana-
lyzed, and the concentrations in spores/m? were obtained for each day, following guidelines
set by the American Academy of Allergy, Asthma, and Immunology and the National Allergy
Bureau. The main spore season (MSS) was determined using the Nilsson and Persson
method [14], where 90% of the total yearly spores were found, with 5% of the total mark-
ing the start and 95% marking the end of the season.
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Figure 1. Map displaying the locations of the spore trap (in blue) and the two meteorological stations

(in red and green).

2.3. Creation of a Spore Calendar

Spore calendars are usually constructed so they begin during the coldest month of the
year, with calendars in the Northern Hemisphere starting in January and those in the South-
ern Hemisphere starting in July. Therefore, although four full calendar years were moni-
tored (January—December of 2021-2024), only three years were analyzed in this article (July—
June of 20212022, 2022-2023, and 2023-2024). Table 1 shows the characteristics pertaining to
the annual spore integral (ASIn) and main spore season (MSS) for each annual period studied
as well as the average including the peak daily value, the start and end dates, and the number
of days where the yearly spore concentrations surpassed 50 spores/m?, indicating the pres-
ence of allergic symptoms due to Alternaria [15,16], or 1500 spores/m?, indicating the pres-
ence of allergic symptoms due to Cladosporium [2,16]. These concentrations are singled out
in Table 1 due to the absence of determined thresholds for the other clinically important
spore types. As for Cladosporium, allergenic thresholds range from 1500 spores/m? [17] to 3000
spores/m? [2,16]. The allergenic thresholds in Table 1 are only applicable to the two known
spore concentrations, not the others listed as n.a. ASIn can be calculated by adding the average
daily concentrations of a given spore type over the entire annual period, and the MSS is the
period of time when 90% of the total annual concentration of a certain spore type is found in
a study year at a given location [18]. The mean annual behavior for all types studied was ana-
lyzed over a 3-year period and smoothed using a 5-day running mean, as shown in Figure 2.
The peak values in Table 1 were calculated using all data points, while the peak concentra-
tion values displayed in Figure 2 were derived from the data smoothed with a 5-day run-
ning mean. Additionally, the monthly concentrations of Alternaria and Cladosporium were
calculated and graphed to show their distribution over the years (Figure 3).
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Figure 2. Seasonal variation (2021-2024; 5-day running mean). (a) Cladosporium; (b) Nigrospora; (c) Cur-

vularia; (d) Fusarium; (e) Alternaria; (f) Drechslera; (g) Stemphylium.
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Figure 3. Total monthly concentrations. (a) Cladosporium; (b) Nigrospora; (¢) Curvularia; (d) Fusarium;
(e) Alternaria; (f) Drechslera; (g) Stemphylium.
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Table 1. Aerobiological behavior of Cladosporium, Nigrospora, Curvularia, Fusarium, Alternaria, Drechslera,
and Stemphylium in Lima, Pert (2021-2024). * daily concentration > 50 spores/m3; ** daily concentra-

tion > 1500 spores/m? n.a. = not applicable.

Year ASIn Total MSS Peak Value Peak Value  Length of Start MSS End High Risk
(Spores/m?) (Spores/m3) (Spores/m3) Date MSS (Days) MSS (Days)

Cladosporium

2021-2022 45,958 41,299 844 3 January 318 21July 4June O0*

2022-2023 48,401 44,172 1238 9 July 325 8 July 29 May 0**

2023-2024 31,380 28,365 1124 3 January 323 19July  7June 0**
Mean 41,913 37,945 1069 5 November 322 16 July 3June 0**
Nigrospora

2021-2022 9632 8719 188 7 March 322 18 July 5June n.a

2022-2023 9742 8864 341 20 March 325 19July 9June na

2023-2024 18,937 17,090 421 1 October 326 29 July 20 June n.a
Mean 12,770 11,558 317 7 February 324 22 July 11 June n.a
Curvularia

2021-2022 1834 1659 9 2 December 329 19 July 13 June n.a

2022-2023 4685 4224 346 8 January 304 16 August 16 June n.a

2023-2024 6613 5956 653 8 January 299 13 August 8 June n.a
Mean 4377 3946 336 27 December 311 6 August 12 June n.a
Fusarium

2021-2022 3675 3314 254 4 November 296 3 August 26 May n.a

2022-2023 2095 1893 31 15 November 323 19July  7June n.a

2023-2024 2386 2155 47 29 November 319 23 July 7June n.a
Mean 2719 2454 111 16 November 313 25 July 3June n.a
Alternaria

2021-2022 1661 1506 16 30 April 332 12July 9June 0%

2022-2023 1837 1657 28 2 June 323 28July  16]June 0*

2023-2024 3579 3251 54 9 January 329 27 July  21]June 2*
Mean 2359 2138 33 4 April 328 22July  15June 1*
Drechslera

2021-2022 1958 1767 28 8 July 335 13July  13June n.a

2022-2023 2011 1821 24 2 June 330 15July  10June n.a

2023-2024 2169 1961 15 1 February 327 19 July  11June n.a
Mean 2046 1850 22 3 January 331 16 July 11June n.a
Stemphylium

2021-2022 209 189 5 18 November 337 15July 17 June n.a

2022-2023 278 251 6 12 January 349 9 July 23 June n.a

2023-2024 180 163 4 26 November 310 15 July 21 May n.a
Mean 222 201 5 9 December 332 13 July 10 June n.a

The spore calendar (Figure 4) was constructed using Spieksma’s model [19], where 10-
day averages are taken of concentrations equal to or greater than 1 spore/m® and are assigned
1 of 11 classes (C1: 1-2 spores/m? C2: 3-5 spores/m? C3: 6-11 spores/m?; C4: 12-24 spores/m3;
C5: 2549 spores/m?; C6: 50-99 spores/m?; C7: 100199 spores/m?3; C8: 200-399 spores/m?; C9:
400-799 spores/m?; C10: 800-1600 spores/m?3; and C11: >1600 spores/m?3).
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Figure 4. Spore calendar for Lima, Perti (on average from 2021 to 2024). Exponential classes proposed
(C1: 1-2 spores/m3; C2: 3-5 spores/m? C3: 6-11 spores/m? C4: 12-24 spores/m?3; C5: 25-49 spores/m3;
C6: 50-99 spores/m?3; C7: 100-199 spores/m3; C8: 200-399 spores/m?; C9: 400-799 spores/m?; C10: 800—
1600 spores/m3; and C11: >1600 spores/m?).

2.4. Analysis of Meteorological Parameters

The program SPSS version 30.0.0 was used to analyze the relationships between mete-
orological factors and daily spore concentrations using the Spearman non-parametric cor-
relation test. The meteorological parameters analyzed were mean daily temperature (°C),
total daily rainfall (mm), mean daily relative humidity (%), mean daily frequency of winds
from the NE, SE, SW, and NW (%), and mean daily wind speed (km/hr) (Table 2). All mete-
orological data was obtained from the National Service of Meteorology and Hydrology of
Pert (SENAMHI), specifically from the Campo de Marte (12°4'14.03" S; 77°2'35.3" W; 117
m.a.s.].) and San Borja (12°6'31.94" S; 77°027.68" W; 128 m.a.s.1.) stations, each 3.3 km and
4.9 km from Clinica SANNA El Golf, respectively (Figure 1).
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Table 2. Spearman correlation coefficients between daily spore concentrations and main meteoro-
logical factors during the main spore season (MSS) of each spore type for 2021-2024.

Tmean (°C) R (mm) RH (%) Wind NE (%) Wind SE (%) Wind SW (%) Wind NW (%) WS (km/hr)
Cladosporium
2021-2022 0.122* 0.017 -0.088 -0.101 -0.097 0.115% 0.011 0.321**
2022-2023  -0.082 -0.07 -0.181** -0.059 0.081 0.052 -0.062 0.297**
2023-2024 0.119% 0.017 -0.135* -0.046 -0.052 0.116* -0.133* 0.082
20212024  -0.065* -0.023 -0.116** -0.077* 0.012 0.093** -0.084** 0.391**
Nigrospora
2021-2022 0.363** -0.115* -0.290** 0.072 0.038 -0.107 0.078 0.040
2022-2023 0.076 -0.041 -0.005 0.004 0.030 -0.025 0.055 -0.022
2023-2024  -0.418* 0.191** 0.312** 0.016 0.085 0.002 -0.029 -0.049
2021-2024 0.114** 0.021 0.003 0.026 0.017 -0.044 0.056 -0.312**
Curvularia
20212022  -0.027 0.11* 0.064 -0.015 0.033 -0.041 0.040 0.014
2022-2023 0.321** -0.087 -0.227** 0.134* 0.086 -0.107 0.031 -0.309**
2023-2024 0.175** -0.111 -0.146* 0.006 -0.040 0.015 0.016 0.129%
2021-2024 0.315** 0.001 -0.082* 0.067* 0.024 -0.068* 0.089** -0.389**
Fusarium
2021-2022 0.070 -0.087 -0.092 -0.079 -0.011 0.018 0.030 0.224**
2022-2023 0.042 -0.058 -0.154** -0.040 -0.155** 0.105 -0.056 0.100
2023-2024 0.082 -0.067 -0.099 -0.045 0.019 0.012 0.013 0.095
2021-2024 0.060 -0.068* -0.115** -0.054 -0.065* 0.046 -0.005 0.055
Alternaria
20212022  -0.096 0.100 0.135* 0.005 -0.074 0.104 -0.117* 0.060
2022-2023  -0.047 0.043 -0.127* 0.008 0.007 0.012 -0.024 0.114*
2023-2024 0.060 -0.058 -0.033 -0.039 -0.015 0.058 -0.030 0.062
2021-2024 0.066* 0.036 0.001 0.009 -0.043 0.047 -0.022 -0.208**
Drechslera
20212022  -0.140% 0.084 0.168** 0.005 -0.070 0.097 -0.133* 0.009
2022-2023  -0.472** 0.061 0.055 -0.021 -0.041 -0.026 0.036 0.388**
2023-2024 0.244** -0.117* -0.092 -0.034 0.041 0.033 -0.034 0.102
20212024  -0.118** 0.019 0.046 -0.009 -0.042 0.037 -0.029 0.030
Stemphylium
2021-2022 0.013 0.022 0.016 0.022 0.096 -0.039 0.009 0.066
2022-2023 0.078 -0.043 -0.143** -0.105* 0.039 0.049 0.003 0.075
2023-2024 0.084 -0.022 -0.060 -0.033 0.068 -0.045 0.024 -0.060
2021-2024 0.052 -0.015 -0.058 -0.037 0.068* -0.015 0.016 0.038

* Correlation is significant at the 0.05 level (two-tailed); ** correlation is significant at the 0.01 level

(two-tailed); positive significant values are shown in bold.

3. Results

3.1. Characteristics of the Main Spore Seasons

Of the seven spore types in this study, the most abundant was Cladosporium (mean MSS
37,945 spores/m3), followed by Nigrospora (11,558 spores/m3), Curvularia (3946 spores/m3),
Fusarium (2454 spores/m3), Alternaria (2138 spores/m?3), Drechslera (1850 spores/m?3), and
Stemphylium (201 spores/m?3). Alternaria, Nigrospora, Curvularia, and Drechslera shared a
similar trend where the highest concentrations were observed in 2023-2024 (3251 spores/m3;
17,090 spores/m3; 5956 spores/m3; and 1961 spores/m?, respectively), followed by 2022-2023
(1657 spores/m?; 8864 spores/m?; 4224 spores/m? and 1821 spores/m?, respectively), and finally
2021-2022 (1506 spores/m?3; 8719 spores/m?; 1659 spores/m?3; and 1767 spores/m?, respectively).
However, Cladosporium (44,172 spores/m?®) and Stemphylium (251 spores/m?3) had the highest
concentrations in 2022-2023 (44,172 spores/m? and 251 spores/m?, respectively) followed
by 2021-2022 (41,299 spores/m? and 189 spores/m?, respectively), and 2023-2024 (28,365
spores/m3 and 163 spores/m3, respectively), and Fusarium had the highest concentrations
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in 2021-2022 (3314 spores/m?3), then 2023-2024 (2155 spores/m?), and then 2022-2023 (1893
spores/m?).

There were differences in peak dates among the three study years. The highest daily
peak for each study year varied significantly from year to year for most spore types. In 2021-
2022, Alternaria reaches its daily peak of 16 spores/m? in late April, 28 spores/m? in June of
2022-2023, and 54 spores/m? in January of 2023-2024. Figure 2e does not show a distinct
peak that all three years seem to share, but the 2023-2024 daily concentrations far exceeded
those of the previous two years; 2023-2024 also saw similar trends with Nigrospora and Cur-
vularia. Nigrospora reached its peaks of 188 and 341 in March 2021-2022 and 2022-2023, re-
spectively; however it reached its peak of 421 spores/m? in October during 2023-2024. Cur-
vularia’s highest peak in 2021-2022 was in early December, reaching only 9 spores/m?, but
these concentrations rose significantly to 346 spores/m? and 653 spores/m? on the same date,
8 January, of 2022-2023 and 2023-2024, respectively. Cladosporium had the lowest peak,
reaching a concentration of 844 spores/m? on 3 January 2022. The highest peak was reached
on that same date in 2024, but the concentration that year was 1124 spores/m?. In 2022-2023,
the peak of 1238 spores/m® was reached in early July, although Figure 2a shows a second
peak in December as well. Drechslera and Fusarium had the highest peaks in 2021-2022, in con-
trast to all the previously mentioned spore types that showed peaks in different annual peri-
ods. Drechslera reached a peak of 28 spores/m? in early July 2021, 24 spores/m? in June 2023,
and 15 spores/m? in February 2024. Fusarium’s daily peak was 254 spores/m? in November
2021, 31 spores/m?in November 2022, and 47 spores/m? in November 2023. Fusarium, similarly
to the previously mentioned types in 2023-2024, had significantly higher concentrations in
2021-2022 when compared to the other years (Figure 2d). Stemphylium’s peak was 5 spores/m?
in November 2021, 6 spores/m? in January 2023, and 4 spores/m? in November 2023.

The spore types in this study all had long main spore seasons, mostly spanning 300 days
(Table 1). Cladosporium was present almost year-long, with the length of the MSS ranging
from 318 to 325. In 2021-2022 and 2023-2024, the main season began in mid-to-late July and
ended in early June; however, in 2022-2023, the season had earlier start and end dates, on 8
July and 29 May, respectively. Nigrospora had main spore seasons that ranged from 322 to 326
days, with 2021-2022 and 2022-2023 starting in mid-July and ending in early June and 2023-
2024 showing later start and end dates, on 29 July and 20 June, respectively. Curvularia showed
start dates in mid-August for 2022-2023 and 20232024, but showed a significantly earlier start
date in 2021-2022 on 19 June of that annual period. The end dates for all three years were in
early June, making the 2021-2022 season longer than the subsequent two years. Contrastingly,
Fusarium had start dates in mid-to-late July in 20222023 and 2023-2024, but had a later start
date in 2021-2022 on 3 August. The end date that year was in late May, resulting in that annual
period being shorter than the two subsequent years, which both had end dates on 7 June. Al-
ternaria had start dates in mid-to-late July and end dates in early to mid-June in all three study
years, with the length of the MSS ranging between 329 and 332 days. Similarly, there were
minimal variations in the main spore seasons of Drechslera, with start dates happening in mid-
July and end dates occurring in early to mid-June. Lastly, Stemphylium showed the same start
date of 15 July in 2021-2022 and in 2023-2024 and an earlier start date of 9 July in 2022-
2023. In 2021-2022 and 2022-2023, the end dates were in mid-June, while 2023-2024 had
its end date on May 21st, making this season shorter than the previous two.

3.2. Spore Calendars

Figure 4 shows the average spore concentrations, grouped in 10-day intervals for the
seven spore types analyzed in this study, averaged over the three annual periods (2021-2024).
At its highest concentration, Cladosporium reached class 8 (200-399 spores/m?) during the sec-
ond 10-day period in December and during the first 10 days of January. The period from July
to June showed mainly class 6 concentrations (50-99 spores/m?). Nigrospora reached class 6
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concentrations (50-99 spores/m?) during the first 10 days of October and March and during
the second 10-day period of June but maintained class 5 concentrations (2549 spores/m?)
throughout the rest of the year. Cladosporium and Nigrospora showed consistently high concen-
trations throughout the year; however, Curvularia had a distinct peak in the first 10 days of
January, reaching class 7 (100-199 spores/m?), while the rest of the year had contrastingly low,
mostly class 3 concentrations (6—11 spores/m?3). Fusarium reached class 5 (2549 spores/m?) dur-
ing the last 10 days of November, but concentrations remained at class 2 (3-5 spores/m?) or
class 3 (6-11 spores/m?) concentrations for the rest of the year. Alternaria had class 2 (3-5
spores/m?3) and class 3 (6-11 spores/m?) concentrations for the majority of the annual period
but reached a peak of class 4 (12-24 spores/m?) in the first 10 days of January and in the
second 10 days of June. Drechslera alternated between class 2 (3-5 spores/m?) and class 3
(6-11 spores/m3) concentrations throughout the annual period, while Stemphylium only
reached class 1 concentrations for half of the year (1-2 spores/m?).

3.3. Correlations with Meteorological Parameters

The annual period from 2021 to 2022 was the coldest of the three study years, with an
average daily temperature of 18.1 °C; 2022-2023 had the second warmest temperature (19.6
°C), and 2023-2024 was the warmest year (20.4 °C). The year 2021-2022 also had the lowest
precipitation, adding up to 0.2 mm. This was followed by 2023-2024, which had 0.3 mm of
rainfall, and lastly 20222023, the wettest year, which had 0.4 mm of rainfall. Similarly, 2021
2022 also had the lowest relative humidity out of the three annual periods (83%), followed by
2022-2023 (83.3%) and 2023-2024 (83.6%). Lastly, 2021-2022 was the year with the highest
mean daily wind speed, averaging 2.2 km/hr, followed by 2022-2023 with 1.8 km/hr and
2023-2024 with 1.2 km/hr. Additionally, the mean daily temperatures of July from the
annual period 2022-2023 (15.1 °C) were lower than those from 2021 to 2022 (16.3 °C) and
from 2023 to 2024 (19.9 °C), and the temperatures in January from the annual period 2022-
2023 (21.6 °C) were lower than the temperatures from 2021 to 2022 (21.8 °C) and from 2023
to 2024 (24.0 °C).

From 2021 to 2024, fungal spore concentrations exhibited varied correlations, values,
and signs with meteorological variables (Table 2). Alternaria, Nigrospora, and Curvularia all
showed significant positive correlations with mean daily temperature in multiple, individ-
ual years and on average, although Alternaria’s annual patterns were mixed and included non-
significant or negative trends. However, Cladosporium and Drechslera showed inconsistent re-
sponses, with Cladosporium exhibiting a significant positive correlation in select years but a
significant negative correlation overall, and Drechslera mostly showing significant negative
correlations except for a positive shift in 2023-2024. Fusarium and Stemphylium showed
only non-significant correlations with temperature throughout.

Correlations with rainfall were more variable and less consistent across taxa. Most gen-
era, including Alternaria, Cladosporium, and Drechslera, displayed predominantly non-signif-
icant associations. Nigrospora and Curvularia each showed at least one significant correlation
in opposite directions, positive for Nigrospora in 2023-2024 and negative for Nigrospora and
positive for Curvularia in 2021-2022, while Fusarium was significantly negatively correlated
with rainfall on average, despite it being non-significant in individual years. Stemphylium
had only non-significant correlations.

With respect to relative humidity, Cladosporium, Curvularia, and Fusarium exhibited sig-
nificant negative correlations across multiple years and on average. Nigrospora and Alter-
naria both shifted direction across years, each showing both significant positive and negative
associations. Drechslera and Stemphylium had some significant correlations but were oth-
erwise inconsistent.

Wind direction effects were generally weak, though some types demonstrated notable
trends. No type had consistent significant correlations with northeast or southeast winds,
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though Curvularia showed mixed results including significant positive correlations with
northeast winds, and Fusarium and Stemphylium had significant correlations with southeast
winds (negative and positive, respectively). Cladosporium showed a consistently positive re-
lationship with southwest winds, while Curvularia had a significant negative average corre-
lation. For northwest winds, several genera had significant correlations, positive for Cur-
vularia and negative for Alternaria, Cladosporium, and Drechslera, while the others remained
non-significant.

Wind speed showed some of the clearest associations; Cladosporium and Curvularia were
both significantly correlated across multiple years (positive for Cladosporium, negative for Cur-
vularia except in 2023-2024). Alternaria, Nigrospora, and Fusarium each had significant correla-
tions in at least one year or on average, either positive or negative. Drechslera had a significant
positive correlation in 2022-2023, while Stemphylium showed no significant correlation,
with wind speed.

4. Discussion

The three years analyzed during this study showed variable concentrations, indicating
that additional research spanning longer than three years would be beneficial to better ex-
amine trends and changes. The year 2023-2024 had the highest mean daily temperature, the
highest relative humidity, and the lowest wind speed; this was also the year when Alternaria,
Nigrospora, Curvularia, and Drechslera had the highest total concentrations. Studies show that
generally, the season with the highest concentrations and diversity is the summer, when tem-
peratures are higher, wind speed is higher, and relative humidity is lower [20], but the most
important meteorological parameter is by far temperature. The year 2021-2022 had the lowest
mean temperature, lowest precipitation, and lowest relative humidity, with the highest wind
speed. Fusarium had its highest total concentration in 2021-2022. The year 2022-2023 was the
wettest year and was also the year when Cladosporium and Stemphylium had their highest total
concentrations. Studies show that dry years with low precipitation were followed by years
with low spore concentrations [3]. The driest year, 2021-2022, was followed by 2022-2023, a
year with comparatively low spore concentrations, and 2022-2023, the wettest year, led to
2023-2024 having the highest concentrations of most of the spore types analyzed in this study.

The results from this study show that, among the seven spore types that were identi-
tied, Cladosporium is the most abundant type, also proven in other studies from around the
world [5,7,9,17,20-28]. Cladosporium, more common in urban sites [28], is typically present
year-round, with peaks in the summer and autumn months [5,6,9,16,20,21,26,29]. This be-
havior is also present in Lima with the daily concentrations registered in December-January,
summer in Pert. Other studies show peaks in the winter and spring months [25,30,31]. The
year 2022-2023 had its highest concentration in July; however, this steep peak was immedi-
ately preceded and succeeded by relatively low concentrations, which gradually increased
in the spring until the second highest peaks were registered in December. Average daily
temperatures for July 2022 were lower than those in 2021 and 2023, and precipitation and
humidity were consistent with values from the previous year. Studies typically show that
higher temperatures drive spore dispersal, indicating that the drop in daily mean tempera-
tures during July of 2022 may not be the cause for that increase in concentration but may be
due to some other unknown cause. This is further confirmed by total monthly concentra-
tions with December being the month with the highest spore abundance. Cladosporium
reached class 8 during the second 10-day period in December and during the first 10 days
of January. Other studies in European cities show concentrations reaching class 10 (800—
1600 spores/m?) [17] and class 11 (>1600 spores/m?) [28].

Alternaria is a major cause of allergic symptoms and asthma during the summer and au-
tumn months when thresholds surpass concentrations of 50-80 spores/m? [2,27]. Although
many studies rank Alternaria as one of the most abundant spores [5-9,22-24,29,32], other
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studies conclude that it has low abundance [9,17,27,33]. Higher concentrations are usually reg-
istered in inland, more agriculturally focused areas as opposed to coastal areas [20,27,32], with
peaks in the summer and autumn months [5,9,16,21,26,29] mainly due to the harvest sea-
son [28]. Alternaria had its highest concentrations in the summer and autumn months of
2022-2023 and 2023-2024; however, a peak was registered in the winter of 2021-2022. Some
studies reported a delayed peak in concentrations following periods of heavy rain [27]; this
could possibly explain the difference among the study years. At its highest, Alternaria reached
a class 4 concentration in the first 10 days of January and the second 10 days of June. Other
studies show Alternaria reaching higher concentrations like class 5 (2549 spores/m3) [34],
class 6 (50-99 spores/m?) [17], and class 8 [28].

Although Alternaria and Cladosporium are the two most important outdoor allergens [5],
the remaining five genera studied are also of clinical importance. Nigrospora, although the sec-
ond most abundant spore in this study, is not often mentioned in fungal spore calendars due
to its low abundance in comparison to total airborne particle concentrations; however, a cou-
ple studies categorize it as a dominant aeroallergen [23,31,33]. In one study from India [31],
peak concentrations were reached between March and September during the dry season
and in Cuba from November to January, also during the dry season [35]. The climates in
both areas do not have four defined seasons, and temperatures vary depending on the re-
gion, therefore rainfall and humidity play a bigger factor. In this study, Nigrospora had the
highest mean daily concentrations in March of both 2021-2022 and 2022-2023, but reached
it in October during the last year. The year 2023-2024 had significantly higher concentra-
tions throughout the entire year, showing a second peak in January. As mentioned previ-
ously, 20222023 being the wettest year likely resulted in higher concentrations throughout
the year 2023-2024. Nigrospora reached a maximum of class 6 during the first 10 days of
October and March and during the second 10-day period in June.

Curvularia had the highest mean daily concentrations during the summer months of
December and January. Some studies reported similar findings of peaks during the summer
months [30], one reported it in the winter [31], and another reported it during the wet season
[33]. This genus, unlike the others in this study, appears to have the steepest peak, and an
overall short date range where concentrations remained consistently higher than the rest.
Curvularia reached class 7 in the first 10 days of January.

Drechslera reached peak daily concentrations in the winter during both 2021-2022 and
2022-2023, in July and June, respectively. Most studies report peak concentrations during the
late summer and autumn months [21,28-30], and some report them during spring [26,31].
During 2023-2024, the highest mean daily concentration was in February, in accordance with
previous studies, but concentrations across all three years seemed relatively consistent even
though the peaks themselves were not. Drechslera reached class 3 at several points throughout
the year, while other studies reported values reaching class 5 [28].

Like with Curvularia, Fusarium also showed consistent peaks in November for all three
study years. Similar findings were reported in one study [31], while another reported it during
the rainy season [33]. Fusarium reached a class 5 concentration in the last 10 days of Novem-
ber. Stemphylium was present in very low concentrations, with daily peaks of 5 spores/m3, 6
spores/m?, and 4 spores/m? from November to January. Another study reported two peaks,
one from March to May and the other from October to November, with an annual mean of 11
spores/m?® [9]. Some studies report similar findings, with peaks occurring during the late
spring and early summer months [21,25,26,29]. On average across all three years, Stem-
phylium reached a maximum concentration of class 1; however, another study from Spain
reported a maximum concentration of class 2 [28].

The main spore seasons for all spore types in this study span nearly the entire annual
period. Many studies also report the year-round presence of Cladosporium and Alternaria in the
atmosphere [5,6,16,21,25]. Some studies from Melbourne, Australia and from Islamabad,
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Pakistan also include the long-term presence of Drechslera and Stemphylium [26,30], and an-
other from Thessaloniki, Greece includes these, plus Nigrospora and Fusarium [23]. One study
from Tétouan, Morocco reports the year-round presence of Alternaria, Cladosporium, Cur-
vularia, Drechslera, and Stemphylium [25], and another study from Havana, Cuba reports the
presence of Alternaria, Cladosporium, Nigrospora, Curvularia, and Fusarium in their atmosphere
[33]. These studies do not specifically report the length of the main spore seasons, but a couple
studies from Spain have reported shorter MSS lengths for Alternaria and Cladosporium [17,28].

Cladosporium and Alternaria are considered to be ‘dry air spores’, meaning they typically
favor conditions with high temperatures, low rainfall, and low humidity [16,23,25,27,29,31,32].
In this study, Cladosporium and Alternaria showed a mix of weak positive and negative corre-
lations with mean daily temperature and rainfall; however, none of the latter proved sig-
nificant. Alternaria similarly showed varying correlations with relative humidity, while
Cladosporium showed significant negative correlations with this parameter. While most stud-
ies agree that these two genera correlate with temperatures [17,28,32], a few studies show
negative correlations with humidity [17,28]. A study from Uruguay showed a positive cor-
relation between Cladosporium concentrations and relative humidity [32], contrasting most
studies. Studies seem to show the same positive and negative correlations with temperature
and humidity, respectively, as it pertains to Nigrospora, Curvularia, Drechslera, Fusarium, and
Stemphylium [23,25]. One study reports a negative correlation between Drechslera and Alter-
naria and rainfall [28], and another reports negative correlations with all types except for
Curvularia, which was not mentioned, and Fusarium, which had a positive correlation [23].
This study, however, did not find strong significant correlations with rainfall. As for wind
direction, this study found that Cladosporium and Stemphylium correlated negatively with
winds to the northeast while Curvularia had the opposite reaction in at least one year. One
study shows a positive correlation between this parameter and Cladosporium, and Stemphylium
[25], and another showed that same relationship only with Cladosporium [17]. Fusarium and
Stemphylium have opposite correlations with southeasterly winds, negative and positive, re-
spectively, but one study reports a negative correlation with Stemphylium [25]. The trap’s
industrial, low-vegetation location near the ocean suggests Cladosporium likely came from
food or plant material [35], while Curvularia from the northwest originated inland from pas-
tures or agriculture [36]. Stemphylium is typically found on decaying plants and in the soil
[29], meaning winds from the southeast carried these spores towards the air sampler. As for
wind speed, the assumption is that, as it increases, so does dispersal; that rings true for
Cladosporium for most years and on occasion for the other genera, but, in this study, wind
speed typically had a mixed correlation. One study reports positive correlations between
wind speed and Alternaria, Cladosporium, and Stemphylium [25], but another reports a neg-
ative correlation between this parameter and Alternaria and Cladosporium [32]. Correla-
tions that are positive may indicate that the source of the spore was far away from the air
sampler, while negative correlations may indicate proximity to the sampler.

A limitation of the study is that the samples were collected from a single monitoring
station within the city. Therefore, the results and conclusions may not fully represent other
areas with different environmental or socio-demographic conditions. Future studies includ-
ing multiple sites would provide a more comprehensive understanding and improve the
generalizability of the findings.

Additionally, the inclusion of all spore types, and even of pollen grains as well, rather
than just the ones of clinical importance, would help provide a more complete understanding
of airborne allergenic particles in the atmosphere and would help determine specific periods
with large concentrations of allergenic types capable of producing allergic symptoms. Future
research could concurrently analyze results from skin prick allergy testing and patient sur-
veys, which would allow for a more detailed overview of the allergic risk in Lima, Pert.
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5. Conclusions

This three-year aerobiological study provides a deeper understanding of the seasonal
patterns and abundance of clinically important fungal spores, as well as the influence mete-
orological parameters may have on them, in Lima, Pera. This study showed variation in
both seasonality and in abundance for several spore types for each of the years analyzed.
Cladosporium was consistently the most abundant genus, a result similarly reported in many
studies globally. Alternaria showed similar behaviors to Cladosporium throughout the year,
albeit at significantly lower concentrations. Alternaria also exhibited peaks during the winter
months, which was not commonly reported in other studies, but may have been possibly due
meteorological factors such as rainfall. Curvularia, Fusarium, and Stemphylium also showed
consistent peaks primarily in the summer and autumn months, while Nigrospora had the
highest concentrations in the spring.

The most influential meteorological parameter was temperature, demonstrating a pos-
itive correlation with most genera except for Drechslera. Relative humidity was also influen-
tial, with the results showing negative correlations with all spore types except Drechslera. As
for the other meteorological parameters analyzed, correlations were mostly weak, insignif-
icant, or showed varying relationships from year to year.

Future studies should aim to lengthen the study period to more clearly see trends in
seasonality and abundance, as well as to provide insight into the relationships between
these and certain meteorological parameters (including winds gusts and calms, if possi-
ble) since each year showed substantial changes in the seasonality of each spore type.
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