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Abstract
Background: Environmental factors influence respiratory virus transmission, but the role of outdoor
fungal spores in tropical environments remains poorly characterized. We examined associations
between fungal spore concentrations and influenza and SARS-CoV-2 incidence in Puerto Rico, and
conducted exploratory virus-specific mortality analyses.

Methods: We conducted a retrospective ecological time-series study in two Puerto Rican health regions
(San Juan/Metro and Caguas) from 2022 to 2024. Daily fungal spore and pollen concentrations from
two National Allergy Bureau stations were linked to laboratory-confirmed case counts. Analyses included
seasonal correlations, logistic regression of daily high-incidence status, random forest classification, and
exploratory region-specific negative binomial mortality models, all adjusted for season.

Results: Fungal spores correlated with influenza and SARS-CoV-2 incidence in fall across all four region–
virus combinations (r = 0.19–0.35, p < 0.001). Influenza associations strengthened at 2–4-day lags,
whereas SARS-CoV-2 associations peaked at or near lag 0. Higher fungal, but not pollen, concentrations
were associated with increased odds of top-quartile incidence days in every region–virus combination
(odds ratio 1.12–1.34 per 10,000 spores/m³, p < 0.001). Random forest classifiers using fungal spores
alone showed high apparent discrimination in randomly split fall data. In exploratory mortality analyses,
only influenza mortality in Caguas was conventionally associated with fungal concentration (incidence
rate ratio 1.17, 95% confidence interval 1.03–1.33, p = 0.016); it did not survive Bonferroni correction, and
the remaining models were null.

Conclusions: Outdoor fungal spores showed modest associations with the incidence of both viruses in
both regions during 2022–2024. Future studies will integrate meteorological variables and prospectively
validate these associations.

1. Introduction
Influenza and SARS-CoV-2 remain leading causes of respiratory morbidity and mortality worldwide
(Iuliano et al., 2018). Respiratory viral activity varies across regions, particularly between tropical and
temperate climates (Chkonia et al., 2026; García-Arroyo et al., 2022). Although transmission primarily
occurs through person-to-person spread, growing evidence suggests that environmental factors
contribute to temporal and geographic variation in respiratory viral activity (Moriyama et al., 2020;
Shaman & Kohn, 2009). Identifying environmental exposures associated with short-term surges in
influenza and SARS-CoV-2 incidence can inform respiratory surveillance studies.

Fungal spores and pollen are among the most abundant bioaerosols in the environment and well-
established triggers of airway inflammation, allergic sensitization, and asthma exacerbations,
particularly in tropical settings (Lewis et al., 2020; Quintero et al., 2010; Rivera-Mariani et al., 2020;
Rivera-Mariani & Bolaños-Rosero, 2012). In tropical and subtropical settings, fungal spore concentrations
can remain elevated year-round due to persistently warm, humid conditions, resulting in near-continuous
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exposure for susceptible populations (Quintero et al., 2010; Rivera-Mariani et al., 2020). Beyond their role
in allergic diseases, emerging evidence suggests that bioaerosol exposure may modulate antiviral innate
immunity. For instance, pollen has been shown to suppress airway interferon responses, potentially
compromising antiviral defenses (Gilles et al., 2020). Fungal cell wall components, particularly β-glucans,
can activate Dectin-1 signaling and promote Th17-skewed immune responses, providing a biologically
plausible pathway by which fungal exposure could influence antiviral host responses. Therefore, further
studies evaluating fungal aeroallergens as risk factors for respiratory viruses are warranted.

Puerto Rico offers a valuable natural setting for examining the relationships between fungal
aeroallergens and the incidence of respiratory viruses. The island's tropical climate, high humidity, and
forested landscape sustain some of the highest year-round outdoor fungal spore concentrations, while
the island also has a well-documented high burden of asthma and respiratory disease (Lewis et al., 2020;
Quintero et al., 2010; Rivera-Mariani et al., 2020; Rivera-Mariani & Bolaños-Rosero, 2012). The island also
benefits from National Allergy Bureau-certified aerobiological monitoring stations operating continuously
in San Juan/Metro and Caguas (Rivera-Mariani et al., 2026). To our knowledge, no prior study has
simultaneously modeled fungal and pollen exposures associated with both the incidence and mortality
of multiple respiratory viruses. Whether ambient fungal-spore concentrations are associated with short-
term changes in respiratory-virus incidence, and whether they provide information beyond shared
seasonal, temporal, and meteorological structure, remains unknown.

Specifically, it was predicted that fungal spores would show stronger associations with daily high-
incidence status than pollen, given their predominant presence in Puerto Rico's atmosphere (Quintero et
al., 2010; Rivera-Mariani et al., 2020; Rivera-Mariani & Bolaños-Rosero, 2012). Pollen was included as an
internal comparator exposure, not as a definitive control for all sources of temporal confounding.

It was hypothesized that ambient fungal spores would show modest short-term associations with daily
respiratory virus incidence and would statistically discriminate high-incidence days in retrospective
classification analyses. The analysis further evaluated whether these associations were stronger for
fungal spores than for pollen and for a concurrently measured comparator aeroallergen, by season.

2. Methods

2.1 Study design and setting
A retrospective ecological time-series study was conducted in two health regions of Puerto Rico (San
Juan/Metro and Caguas) from January 1, 2022, through December 31, 2024. The 2022–2024 period
encompassed post-acute-phase SARS-CoV-2 circulation alongside seasonal influenza, enabling a direct
comparison of fungal spore associations with two enveloped respiratory viruses that differ in
transmission dynamics during continuous outdoor aerobiological monitoring. The two regions were
selected for their contrasting respiratory disease burdens and for the presence of an established
AAAAI/NAB-certified spore-trap network (Lewis et al., 2020).
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2.2 Data sources
Aeroallergen data. Daily outdoor concentrations of fungal spores and pollen were measured using
Burkard 7-day recording volumetric samplers at National Allergy Bureau-certified stations in San Juan
and Caguas, representing the San Juan/Metro and Caguas health regions, respectively. Spores and
pollen were identified and enumerated according to National Allergy Bureau (NAB) protocols and
reported as spores/m³ and grains/m³, respectively (Anderson et al., 2020).

Hereafter, San Juan/Metro refers to the San Juan/Metro health region represented by the San Juan
monitoring station.

Epidemiologic data. Daily counts of laboratory-confirmed cases of influenza and SARS-CoV-2, and
deaths, disaggregated by health region, were obtained from the Puerto Rico Department of Health for
2022–2024.

2.3 Variable construction
Temporal unit. Incidence analyses were conducted at the daily level using daily counts of laboratory-
confirmed cases. Mortality analyses were conducted at the epidemiological-week level using weekly
death counts to stabilize sparse daily mortality data.

Exposure. The region-matched daily fungal spore concentration served as the primary exposure. Total
pollen concentration was modeled in the same way as an internal comparator exposure to assess
whether associations were shared across major aeroallergen classes.

Outcomes. For incidence analyses, the primary outcome was a binary high-incidence-day indicator,
defined as a day with a daily case count in the top quartile (≥75th percentile) of the region- and virus-
specific daily case distribution. This threshold was set a priori to identify high-burden days relevant to
public health surveillance and potential resource allocation (Zhong et al., 2026). For exploratory mortality
analyses, the outcomes were weekly counts of influenza and SARS-CoV-2 deaths, aggregated to the
epidemiological-week level to reduce sparsity in daily mortality data (Zimmer et al., 2018).

Season and lag. The calendar season was defined as winter, spring, summer, or fall. Lag structures of 0–
7 days were examined for daily incidence outcomes, and 1–2-week lags were examined for weekly
mortality outcomes. These lag structures were selected to span typical viral incubation periods for daily
incidence and to align with the weekly aggregation necessitated by sparse daily mortality counts
(Simpson et al., 2019; van Asten et al., 2018).

2.4 Statistical analysis
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All statistical analyses were performed using R version 4.6.0 (R Foundation for Statistical Computing,
Vienna, Austria). Season-specific Pearson correlations were computed between fungal (and, separately,
pollen) concentrations and daily case counts, and cross-correlations were evaluated across 0–7-day
lags, chosen to span the typical incubation periods of influenza (1–4 days) and SARS-CoV-2 (2–14 days,
median 5 days). Logistic regression was used to model the odds that a given day was a high-incidence
day, defined as a daily case count in the top quartile of the region- and virus-specific daily case
distribution, as a function of fungal and pollen concentrations. To assess the statistical discrimination of
daily high-incidence status, random forest classifiers were initially trained and evaluated on fall
observations using ROC AUC, accuracy, precision, recall, and F1. Because random splits of temporally
ordered daily observations can overestimate performance by allowing adjacent, highly correlated days to
appear in both training and test sets, temporally blocked validation was considered a more relevant
estimate of prospective-style predictive performance, although it remained retrospective rather than truly
prospective. Exploratory weekly mortality analyses used negative binomial regression to account for
overdispersion, with fungal concentration as the exposure. Models were fit separately within each health
region and adjusted for season; effects were reported as incidence rate ratios (IRRs). Because models
were fit separately by region, health region was excluded as a covariate within the region-specific
models. Fungal mortality associations were examined at 1–2-week lags using lagged correlations and
distributed lag models (Gasparrini & Leone, 2014; Milla, 2026). Each model was re-estimated by
substituting pollen for fungal spores to assess whether associations were stronger for fungal spores
than for another concurrently measured aeroallergen class. Due to data availability, the models were not
adjusted for meteorological (temperature, humidity, UV) or individual-level covariates (age, vaccination
status, comorbidities), which may confound the observed associations. These limitations and their
consequences for causal inference are elaborated in the discussion section.

Because additional temporal, meteorological, and autocorrelation-aware models were unavailable for all
analyses, the primary incidence findings were interpreted as ecological associations rather than as
independent or causal effects of fungal spores.

2.5 Sensitivity analyses
Several sensitivity analyses were conducted to assess the robustness of the mortality and incidence
findings, including Poisson regression models, exclusion of extreme exposures, alternative high-
incidence thresholds, temporally blocked validation, seasonal stratification, residualized correlations, and
autoregressive models. Detailed descriptions of these analyses and their results are provided in Online
Resource 1.

3. Results

3.1 Aeroallergen and surveillance overview
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Fungal spores were abundant year-round in both regions, with no day recording zero spores at either
station (San Juan: minimum 831 spores/m³; Caguas: minimum 6,156 spores/m³). Concentrations were
consistently higher in Caguas than in San Juan/Metro, with a median of 67,866 spores/m³ (IQR 47,476–
101,939) versus 25,146 spores/m³ (IQR 14,082–41,367), a 2.7-fold difference in medians (Fig. 1A). Both
stations showed recurrent autumn peaks: mean fall (September–November) concentrations exceeded
non-fall means by 63% in San Juan/Metro (41,077 vs. 25,191 spores/m³) and by 38% in Caguas (95,247
vs. 69,256 spores/m³). This pattern recurred in each of the three sampled years.

Pollen concentrations were approximately two orders of magnitude lower than fungal spore
concentrations, with median daily values of 62 grains/m³ (IQR 31–154) in San Juan/Metro and 123
grains/m³ (IQR 62–215) in Caguas, corresponding to spore-to-pollen ratios of approximately 273:1 and
552:1, respectively (Fig. 1B). Pollen was also markedly more episodic: no pollen was detected on 17.8%
of sampled days in San Juan/Metro and 5.7% in Caguas, whereas fungal spores were detected on every
sampled day. Day-to-day variability was correspondingly greater for pollen (coefficients of variation: San
Juan/Metro = 1.21, Caguas = 0.83) than for fungal spores (San Juan/Metro = 0.70, Caguas = 0.50), and
the highest 5% of days accounted for 22.8% of the total San Juan/Metro pollen load, compared with
14.3% of the spore load. Pollen peaks were short-lived and irregular, reaching 1,540 grains/m³ in San
Juan/Metro and 1,077 grains/m³ in Caguas, with no consistent annual patterns.

The influenza and SARS-CoV-2 case series displayed distinct temporal patterns (Fig. 1C). Influenza
(113,848 cases; 65,380 in Caguas and 48,468 in San Juan/Metro) followed a pronounced autumn–winter
seasonal pattern, with 42.6% of cases in the fall and 25.7% in the winter. Epidemic peaks occurred in late
October–November 2022 and 2023, with the largest weekly counts in the weeks beginning November 14,
2022 (Caguas, 1,996 cases) and October 31, 2022 (San Juan/Metro, 1,574 cases), and a second
comparable peak in the week beginning November 6, 2023, in both regions. SARS-CoV-2 (741,030 cases;
386,729 in San Juan/Metro and 354,301 in Caguas) followed a wave-driven rather than strictly seasonal
course, with the largest surge in the week beginning January 3, 2022 (San Juan/Metro, 16,706 cases;
Caguas, 12,890 cases), a secondary surge in late April 2022, and progressively attenuated waves
thereafter; the highest seasonal share of SARS-CoV-2 cases occurred in summer (35.8%). The gaps in
the aeroallergen series in Fig. 1A and B reflect periods of interrupted sampling and were left unimputed.

3.2 Fungal-spore associations with daily respiratory-virus
incidence
Fungal spore concentrations showed varying associations with respiratory virus incidence throughout
the year. As shown in the Pearson correlation heatmap (Fig. 2), positive correlations with fungal spores
were most consistent and pronounced in the fall in both San Juan/Metro (r = 0.32 for influenza; r = 0.31
for SARS-CoV-2; p < 0.05) and Caguas (r = 0.36 for influenza; r = 0.42 for SARS-CoV-2; p < 0.05). In other
seasons, patterns varied, including negative associations during summer for influenza in both regions.
As shown in the coefficient of determination heatmap (Fig. 3), fungal spore concentrations accounted
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for approximately 4% to 18% of the variance in daily case counts (r² = 0.036–0.176) across the region-
virus combinations, indicating a detectable environmental signal rather than a dominant determinant of
incidence.

Pollen showed no consistent associations across seasons or regions, with correlations near zero and
non-significant across all four region–virus combinations for both concurrent and lagged exposures
within the same period. Because fungal spore and pollen concentrations were measured on the same
days at the same stations using identical methods, the divergence between the two exposures argues
against a completely generic aeroallergen explanation. However, this comparison does not account for
residual confounding because pollen and fungal spores differ substantially in abundance, temporal
patterns, and meteorological determinants (Quintero et al., 2010).

A consistent regional gradient was also observed. For both viruses, correlations were stronger in Caguas
than in San Juan/Metro (influenza r = 0.30 vs. 0.19; SARS-CoV-2 r = 0.35 vs. 0.30), mirroring the regional
difference in exposure, with median daily fungal concentrations approximately 2.7-fold higher in Caguas
than in San Juan/Metro. This parallelism between exposure magnitude and association strength is
consistent with, though not confirmatory of, an exposure-dependent relationship.

The two viruses differed in their lag patterns (Fig. 4). For influenza, correlations strengthened when
fungal exposure was lagged by 2 to 4 days relative to case counts in both San Juan/Metro (r = 0.19 at
lag 0 to r = 0.22) and Caguas (r = 0.30 to r = 0.35; p < 0.001 for both). For SARS-CoV-2, correlations at a
4-day lag were not stronger than the concurrent (lag 0) associations, remaining unchanged in San
Juan/Metro (r = 0.30) and attenuating in Caguas (r = 0.35 to r = 0.22, p = 0.006). Short-term lagged
strengthening was therefore evident for influenza but not for SARS-CoV-2, for which the association was
maximal at lag 0 or near it.

3.3 Logistic regression of daily high-incidence days
Logistic regression showed that fungal concentration was statistically associated with daily high-
incidence status, defined as days in the top quartile of the region- and virus-specific daily case
distribution, for both influenza and SARS-CoV-2 in both regions (p < 0.001 for all four models). In
contrast, pollen was not a significant predictor in any model (p = 0.119–0.320). Because the exposure
was modeled on a per-spore/m³ basis, the fitted coefficients were necessarily small (β = 1.1×10⁻⁵ to
2.9×10⁻⁵); when rescaled to a 10,000 spores/m³ increment, these corresponded to odds ratios of 1.12 to
1.34 for a high-incidence day (Table 1). The strongest association was observed for SARS-CoV-2 in San
Juan/Metro (OR 1.34 per 10,000 spores/m³), followed by SARS-CoV-2 in Caguas (OR 1.19), influenza in
San Juan/Metro (OR 1.16), and influenza in Caguas (OR 1.12). Pollen coefficients were an order of
magnitude smaller, inconsistent in direction across models (positive in San Juan/Metro, negative in
Caguas), and non-significant throughout, consistent with the absence of a systematic pollen–incidence
association in the present study. These null pollen findings provide a useful contrast but should not be
interpreted as eliminating unmeasured temporal or meteorological confounding.
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Table 1. Logistic regression of top-quartile (high-incidence) days on aeroallergen concentration by region
and viru

Region Outcome Exposure Coefficient (β) OR per 10,000 units p-value

San Juan/Metro Influenza Fungi 1.5×10⁻⁵ 1.16 < 0.001

San Juan/Metro Influenza Pollen 3.0×10⁻⁶ 1.03 0.241

San Juan/Metro SARS-CoV-2 Fungi 2.9×10⁻⁵ 1.34 < 0.001

San Juan/Metro SARS-CoV-2 Pollen 1.0×10⁻⁶ 1.01 0.320

Caguas Influenza Fungi 1.1×10⁻⁵ 1.12 < 0.001

Caguas Influenza Pollen −2.0×10⁻⁶ 0.98 0.119

Caguas SARS-CoV-2 Fungi 1.7×10⁻⁵ 1.19 < 0.001

Caguas SARS-CoV-2 Pollen −3.0×10⁻⁶ 0.97 0.209

High-incidence days are daily observations with case counts in the top quartile (≥75th percentile) of the
region- and virus-specific daily case distribution. This binary outcome was used only for daily incidence
analyses; mortality analyses used weekly death counts. The coefficients are on the log-odds scale per
unit of exposure (spores/m³ or grains/m³). OR, odds ratio; OR per 10,000 units = exp(β × 10,000),
reported for interpretability. Pollen was included as a concurrently measured comparator aeroallergen.
Null pollen associations do not rule out residual confounding by meteorology, seasonality, or secular
temporal trends. San Juan/Metro refers to the San Juan/Metro health region represented by the San
Juan aerobiological monitoring station.

Random forest classifiers were trained to discriminate top-quartile incidence days in the fall. Models
using fungal spores alone showed high apparent discrimination across all region-virus combinations,
with ROC AUCs ranging from 0.85 to 0.92 (Table 2). Models incorporating both fungal spores and pollen
achieved the highest overall performance (ROC AUC 0.87–0.95), indicating incremental predictive utility
from combining aeroallergen features. Conversely, models relying solely on pollen performed
substantially worse, with ROC AUCs (0.61–0.66) near chance levels, further underscoring the specific
association with fungal spore concentrations.

Table 2. Random-split random forest discrimination of daily top-quartile incidence status during fall, by
region, virus, and feature se
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Region Outcome Feature set ROC
AUC

Accuracy Precision Recall F1

San
Juan/Metro

Influenza Fungi +
Pollen

0.95 0.93 0.93 0.85 0.89

San
Juan/Metro

Influenza Fungi 0.91 0.90 0.89 0.83 0.86

San
Juan/Metro

Influenza Pollen 0.65 0.63 0.60 0.58 0.59

San
Juan/Metro

SARS-CoV-
2

Fungi +
Pollen

0.87 0.87 0.84 0.76 0.79

San
Juan/Metro

SARS-CoV-
2

Fungi 0.85 0.84 0.83 0.75 0.79

San
Juan/Metro

SARS-CoV-
2

Pollen 0.63 0.60 0.58 0.57 0.57

Caguas Influenza Fungi +
Pollen

0.95 0.93 0.92 0.85 0.89

Caguas Influenza Fungi 0.92 0.91 0.90 0.84 0.87

Caguas Influenza Pollen 0.66 0.64 0.61 0.59 0.60

Caguas SARS-CoV-
2

Fungi +
Pollen

0.89 0.87 0.83 0.76 0.79

Caguas SARS-CoV-
2

Fungi 0.88 0.86 0.84 0.78 0.81

Caguas SARS-CoV-
2

Pollen 0.61 0.59 0.56 0.55 0.55

Classifiers were trained on 70% of the fall observations (randomly sampled) and evaluated on the
remaining 30%. ROC AUC is the area under the receiver operating characteristic curve. Pollen-only
models exceeded chance discrimination (AUC 0.50) but performed substantially worse than all fungus-
containing models. San Juan/Metro refers to the San Juan/Metro health region represented by the San
Juan aerobiological monitoring station.

3.4 Mortality analyses
Mortality analyses were exploratory because weekly death counts were sparse. In these analyses,
Caguas was the only region–virus combination in which fungal concentration was conventionally
associated with weekly mortality. The association was observed between influenza mortality and spore
concentration in Caguas, with an IRR of 1.17 per 10,000 spores/m³ (95% CI, 1.03–1.33; p = 0.016).
However, this result was based on sparse weekly death counts, was one of four mortality models
evaluated, and did not remain significant after Bonferroni correction. Although the fitted coefficient
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corresponds to a higher expected weekly influenza death count across the observed interquartile range
of fungal concentrations, this extrapolation depends on log-linearity over a wide exposure range and
should not be interpreted as a strong mortality effect without replication.

The remaining three mortality models were null, underscoring the limited and non-generalizable nature of
the mortality finding. In Caguas, fungal concentration was not associated with SARS-CoV-2 mortality
(IRR 0.99, 95% CI 0.89–1.10), and no fungal–mortality association was detected in San Juan/Metro for
either influenza (IRR 1.00, 95% CI 0.90–1.11) or SARS-CoV-2 (IRR 1.00, 95% CI 0.95–1.05) (Table 3). The
confidence interval for the San Juan/Metro SARS-CoV-2 model was narrow, excluding effects larger than
approximately 5% per 10,000 spores/m³, and thus served as an informative null value. The intervals for
the two remaining null models were wider and compatible with modest effects in either direction. Of the
four mortality models estimated, only the Caguas influenza association reached conventional
significance, and its p-value (0.016) would not survive Bonferroni correction for four comparisons (α =
0.0125); therefore, this result should be regarded as provisional pending replication.

The discrepancy highlights the instability of the mortality analyses: an apparent unadjusted lagged
association between SARS-CoV-2 mortality and Caguas was not reproduced after seasonal adjustment
in the region-specific model. This pattern suggests that shared temporal structure, rather than an
independent fungal-spore association, may explain some unadjusted mortality correlations. Therefore,
we interpret the mortality results as exploratory and hypothesis-generating, with only a non-multiplicity-
robust signal for influenza mortality in Caguas.

Table 3. Region-specific exploratory negative binomial models of weekly respiratory-virus mortality on
fungal spore concentratio

Region Outcome Exposure IRR per 10,000 spores/m³ 95% CI

Caguas Influenza deaths Fungi 1.17a 1.03–1.33

Caguas SARS-CoV-2 deaths Fungi 0.99 0.89–1.10

San Juan/Metro Influenza deaths Fungi 1.00 0.90–1.11

San Juan/Metro SARS-CoV-2 deaths Fungi 1.00 0.95–1.05

Negative binomial regression of weekly death counts was fit separately within each health region and
adjusted for seasonality. IRR, incidence rate ratio; CI, confidence interval. IRR was expressed per 10,000
spores/m³; the corresponding per-unit estimate for the Caguas influenza model was IRR 1.000016 per
spore/m³. Mortality models were exploratory. Only one of four region–virus models reached
conventional significance, and this association did not remain significant after Bonferroni correction for
four comparisons. San Juan/Metro refers to the San Juan/Metro health region represented by the San
Juan aerobiological monitoring station.

a p = 0.016; not significant after Bonferroni correction for four comparisons (α = 0.0125)
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4. Discussion
In this two-region retrospective ecological time-series study, we identified consistent short-term
associations between ambient fungal-spore concentrations and daily incidence of influenza and SARS-
CoV-2 in San Juan/Metro and Caguas. These findings highlight fungal spores as a potential
environmental correlate of respiratory virus activity in tropical settings. While these associations are
encouraging, they should be interpreted as ecological signals; future research is needed to further
disentangle these patterns from common seasonal, meteorological, and secular trends. Finally, our
exploratory mortality analyses provide preliminary insights that warrant further investigation in larger
datasets to address potential multiplicity and data sparsity.

Our findings both converge with and diverge from the existing literature on aeroallergens and respiratory
viral infections. Damialis et al. (2021) reported that ambient pollen concentrations were positively
associated with SARS-CoV-2 infection rates across 31 countries, an effect attributed in part to pollen-
mediated suppression of airway interferon responses. Our results are consistent with prior work
suggesting that ambient bioaerosols may be associated with respiratory viral activity (Hernández-
González et al., 2023; Quintero et al., 2010; Rivera-Mariani et al., 2020; Rivera-Mariani & Bolaños-Rosero,
2012), although the present study cannot determine whether this reflects immune modulation, shared
environmental drivers, or correlated seasonal dynamics. In this tropical setting, fungal spores, rather
than pollen, were the dominant exposure, supporting their ecological dominance year-round in Puerto
Rico's climate, where spore concentrations exceeded pollen concentrations by orders of magnitude
(Quintero et al., 2010; Rivera-Mariani et al., 2020; Rivera-Mariani & Bolaños-Rosero, 2012). This variation
is biologically plausible given Puerto Rico's aerobiological profile, in which fungal spores are abundant
year-round, whereas pollen concentrations remain comparatively low and episodic.

The present analysis expands on prior work in four respects: (1) it models fungal and pollen exposure
separately within the same population, (2) it examines two distinct respiratory viruses, (3) it links
exposure to both incidence and mortality rather than incidence alone, and (4) it models pollen as a
concurrently measured comparator exposure to evaluate whether associations were shared across
aeroallergen classes. Unlike pollen, fungal spores may engage immune pathways such as Dectin-1 and
Th17 signaling, whereas pollen has been linked to altered interferon responses (Gilles et al., 2020; Tham
et al., 2014). These mechanistic contrasts are useful for hypothesis development, but the present data
cannot distinguish immune-mediated effects from confounding by meteorology, seasonality, or
correlated respiratory-virus dynamics. Accordingly, mechanistic interpretations should be viewed as
arguments for biological plausibility rather than as conclusions directly established by the study.

The contrast between the regions warrants further discussion. Although fungal spores were associated
with incidence in both San Juan/Metro and Caguas, the exploratory mortality signal appeared only for
influenza in Caguas and was not robust to multiplicity correction. Several non-exclusive explanations are
possible. Caguas may experience higher or more sustained background fungal exposure, so a greater
proportion of person-time falls above a biologically relevant threshold. Consistent with this, median daily
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fungal concentrations were approximately 2.7-fold higher in Caguas than in San Juan/Metro.
Alternatively, the regions may differ in the prevalence of underlying respiratory diseases, healthcare
access, or age structure, any of which could modify the exposure–mortality relationship. A third
possibility is statistical: weekly death counts were sparse, and the San Juan models may have been
underpowered to detect an effect of a similar magnitude. However, the accuracy of the null estimates
differed: the confidence interval for SARS-CoV-2 mortality in San Juan was narrow and excluded effects
larger than approximately 5% per 10,000 spores/m³, whereas the remaining null intervals were wide
enough to remain compatible with modest associations. Because the present design includes only two
regions and no individual-level covariates, we regard this regional contrast as hypothesis-generating
rather than an established effect modification.

This study had several strengths. Exposure was measured continuously with AAAAI/NAB-certified
volumetric samplers rather than modeled or interpolated, providing daily resolution over three years
(Levetin et al., 2023). Including pollen as a concurrently measured comparator exposure provides a
useful within-study contrast that is uncommon in aerobiology studies (Manangan et al., 2026). Because
fungal spores and pollen were collected on the same days, at the same stations, and using the same
general sampling framework, the divergence between the two exposures reduces concern that all
aeroallergens behaved similarly. However, pollen is an imperfect comparator because its abundance,
episodicity, particle biology, meteorological drivers, and measurement properties differ from those of
fungal spores (Quintero et al., 2010; Rivera-Mariani et al., 2020). The analysis spanned two viruses with
distinct transmission dynamics and found consistent incidence associations, while mortality analyses
yielded only a single exploratory, non-multiplicity-robust signal. Finally, associations and classification
patterns were directionally consistent across correlation, logistic regression, random forest, and count
regression approaches. However, these findings should be interpreted with caution because temporally
structured daily data can yield optimistic estimates when adjacent observations appear in both the
training and test sets.

This study has several limitations. First, as an ecological time series, it cannot fully disentangle fungal-
spore associations from shared seasonality, meteorological confounding, or temporal autocorrelation;
thus, the findings cannot be interpreted as causal (Idrovo, 2011; Kakampakou et al., 2025). Second,
models did not adjust for meteorological variables, and exposure was measured only as total spore
concentration, precluding inferences about specific fungal taxa or components. While pollen served as a
comparator, it remains an imperfect control for confounding. Third, mortality analyses were exploratory
and unstable because of sparse data and lack of robustness to multiplicity correction. Finally, the
modest effect sizes and reliance on case-based surveillance data subject to ascertainment artifacts
indicate that these findings should be viewed as hypothesis-generating rather than as validated
surveillance markers. Future studies should pair taxon-resolved aerobiological monitoring with
meteorological adjustment, individual-level clinical data, and host-response biomarkers to determine
whether the ecological associations observed here reflect causal immune modulation, shared
environmental drivers, or both.
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5. Conclusions
At this stage, fungal-spore concentrations should be considered a candidate environmental correlate for
further study, not a validated surveillance marker. Operational surveillance use would require evidence
that fungal-spore measurements improve out-of-time prediction beyond seasonality, meteorology,
calendar time, and recent case counts. Realizing this potential will require work in several directions:
multivariable models that adjust for meteorological covariates and ambient particulate matter; linkage to
individual-level and clinical outcomes, such as emergency department visits and hospitalizations; taxon-
resolved spore analyses to identify the fungal groups responsible; temporally blocked validation; and
prospective evaluation of region-specific alert thresholds. In conclusion, these results identify outdoor
fungal-spore concentrations as a candidate environmental correlate of respiratory virus incidence in
Puerto Rico. Mortality analyses yielded only an exploratory, non-multiplicity-robust signal for influenza
mortality in Caguas and require independent replication before any mortality inference is made.
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Figure 1

Time series of (A) daily fungal spore concentrations, (B) daily pollen concentrations, and (C) weekly
influenza and SARS-CoV-2 case counts in San Juan/Metro and Caguas, Puerto Rico, 2022–2024
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Figure 2

Heatmap of Pearson correlation coefficients between fungal spore (or pollen) concentrations and
respiratory virus incidence, by season, region, and virus. Asterisks (*) indicate p < 0.05.
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Figure 3

Heatmap of the coefficient of determination (r²) between fungal spore concentrations and respiratory
virus incidence, by season, region, and virus. Asterisks (*) indicate p < 0.05.
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Figure 4

Lagged associations between fungal spore concentrations and respiratory virus incidence (fall), by
region and virus. (A) Influenza, Caguas. (B) Influenza, San Juan/Metro. (C) SARS-CoV-2, Caguas. (D)
SARS-CoV-2, San Juan/Metro. Each point is the Pearson correlation coefficient between daily fungal
spore concentration and daily case count at the indicated lag; a positive lag indicates that fungal spores
precede virus incidence. Dark blue points are significant at p < 0.05; gray points are non-significant (n.s.).
The red circle in each panel marks the lag with the strongest correlation. The shaded band denotes the
approximate 95% null bounds.
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