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Abstract

:

Indoor air quality depends on many internal or external factors mutually interacting in a dynamic and complex system, which also includes indoor workplaces, where subjects are exposed to many pollutants, including biocontaminants such as pollen and fungal spores. In this context, the occupants interact actively with their environment through actions, modifying indoor environmental conditions to achieve their own thermal comfort. Actions such as opening/closing doors and windows and turning on/off air conditioning could have effects on workers’ health. The present study explored the contribution of human occupants to pollen and fungal spore levels in indoor workplaces, combining aerobiological, microclimate, and worker monitoring during summer and winter campaigns. We evaluated the overall time spent by the workers in the office, the workers’ actions regarding non-working days and working days, and non-working hours and working hours, during two campaigns of pollen and fungal spore monitoring. Our results showed that the biocontaminant values depend on many mutually interacting factors; hence, the role of all of the factors involved should be investigated. In this regard, aerobiological monitoring should be a valid tool for the management of occupational allergies, providing additional information to improve occupational health protection strategies.
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1. Introduction


Indoor and outdoor settings may facilitate the development of several allergies in sensitized individuals. In particular, air pollution and urbanization, in association with genetic factors and changes in lifestyles, tend to increase the occurrence and/or severity of the clinical features of allergy-related conditions such as asthma, rhinitis, conjunctivitis, and dermatitis [1,2,3,4]. Several health effects could be due to exposure to numerous biocontaminants such as bacteria, viruses, fungi, molds, and pollen. These exposures, acting in combination with the microbiome, may affect allergic disease outcomes, underlining the relationships between the environment, microrganisms, and workers in indoor environments. These interactions ar complex, as they include airborne transmission and the occupants as vehicles both for the spread of internal biocontaminants through aerosols, and external biocontaminants through walking, clothes, and hair [5,6,7,8]. In addition, the exchanges between indoor and outdoor air contribute to the modification of the levels of biocontamination in indoor environments, and consequently the outcome of allergic diseases [8,9,10]. The presence of biogenic particles in the atmosphere may cause several communicable and noncomunicable diseases [11,12], and the risk depends on both the exposure levels and the sensitization of the subjects involved.



The level of exposure to biological agents is peculiar, and has been of interest since 1861, when Louis Pasteur reported the first measurements of airborne microrganisms in the Journal Annales des Sciences Naturelles [13]. Since the interest is constantly increased and, in recent years, many biocontaminants have also been included in occupational settings with the development of new methodologies [14,15]. Allergic diseases arising from exposure to pollen and molds may impair the quality of life as well as working performance [16], confirming the need to set appropriate control measures and stressing the importance of the application of more standardized methodologies in the topic of aerosol-borne allergies [11].



Indoor microrganisms, their fragments, and products deriving from vegetable and animal sources are the main biological contaminants. Mechanisms such as aerosolization and dispersion, modulated by microclimate conditions, may increase the spread of the bioparticles and their derivatives, with a resulting increase of the potential health risk, especially for indoor workers [14,17,18]. Meteorological factors, seasonality, room characteristics, scheme ventilation, the presence of occupants and their actions, such as turning on/off air conditioning and opening/closing doors and windows in order to improve their thermal comfort and air quality, produce different and even opposite effects, such as decreasing the psychological stress and increasing the occurrence of adverse health outcomes on workers; all of these are variables that have an influence on indoor biocontaminant levels [19,20,21,22,23,24,25].



The exposure to biocontaminants in indoor workplaces has been investigated in office settings regarding the so-called ‘sick building syndrome’, and building-related illnesses [26,27,28] are associated with potential exposure to bacteria, viruses, fungi, molds, pollen, insects, microbial metabolites, and animal and plant debris [29,30]. Exposure to biocontaminants in general, and to allergens in particular, produces different health effects based on individual immunological conditions and the physical properties of the biocontaminants involved, such as diameter or size distribution. In fact, particles of 10–100 µm in diameter are mainly found in the nasopharyngeal region, particles of 5–10 µm can settle in the upper respiratory tract, and particles ≤5 µm are able to reach the lower respiratory tract, including the bronchiolar and alveolar region, with more serious consequences for allergy diseases [31,32,33].



A peculiar role should be attributed to occupants that interact with the environment through actions modifying indoor environmental conditions. They play an active role in achieving their own thermal and physiological comfort, as described in an adaptive model of comfort [19]. Human thermal comfort is a psychological condition expressing satisfaction with the thermal environment [34]. Thermal comfort depends on multiple factors, involving physical parameters such as air temperature (Tair), relative humidity (RH), and wind speed (WS), and individual features such as health status, clothing, physical activity, and the type of job [20]. Occupants respond in different ways to external or internal stimulations in order to restore or improve their thermal comfort and indoor air quality [35].



For instance, behavioral adjustments modifying the body’s thermal balance are classified into personal (change in clothing), technological (turning on/off air conditioning, opening/closing doors and windows) and cultural responses (recovery during the working day) [19]. All of these actions could produce adverse effects. In fact, in addition to occupant satisfaction, higher levels of outdoor pollutants infiltrating indoors may occur [20]. Humans carry biocontaminants (bacteria, pollen, and fungal spores) by means of their skin, footwear, and clothes, which are then resuspended in the indoor air particulate matter from floors and other surfaces [21,36]. Biocontaminants are strongly affected by indoor sources, including the presence, movements, and activities of the occupants. In particular, factors such as the outdoor temperature, air-exchange rate, ventilation system, frequency and methods of cleaning operations, and number and activity of the occupants are key determinants of the indoor concentration of biocontaminants such as pollen and fungal spores [25].



In this paper, airborne pollen and fungal spores were monitored in two field campaigns, during winter and summer, in relation to the microclimate and occupant monitoring in indoor workplaces in the context of the ‘Integrated Evaluation of Indoor Particulate Matter (VIEPI) Project: Study Design, Results and Open Questions’ [37]. Meteorological variables, the occupants’ presence, and their actions were evaluated with regard to pollen and fungal spores based on standardized and experimental procedures that should be useful to the management of occupational allergic diseases [38]. We evaluated the time spent by the workers in the office, and the opening/closing of doors/windows with respect to the non-working days (NWDs) and working days (WDs), non-working hours (NWHs), and working hours (WHs), and ran winter and summer campaigns regarding biocontaminant values in order to improve the control and preventive measures regarding the risk of occupational allergy.




2. Materials and Methods


2.1. Site and Vegetation Description


The area of study was a Research Center building of the Italian Workers’ Compensation Authority (INAIL) located at Monte Porzio Catone, a city about 10 km south of Rome.



This area belongs to a Mediterranean biogeographical region; its vegetation is characterized by a mix of deciduous and evergreen trees, with a prevalence of Holm oak woods (e.g., Quercus ilex) and cultivated species such as Olea europaea, Vitis vinifera, Corylus avellana and chestnut woods (Castanea sativa Miller). The area is surrounded by Cupressaceae, Pinaceae, and Oleaceae. Herbaceous plants such as Urticaceae, Plantaginaceae, and Poaceae—as reported in Figure 1—are also found.




2.2. Aerobiological Monitoring


Airborne pollen and fungal spores were collected inside and outside the Research Center building of INAIL during summer 2016 (20 June–14 August) and winter 2017 (26 January–21 February). The monitoring was performed using a volumetric sampler VPPS 2000 (Lanzoni, Bologna, Italy), type Hirst [39], located at 1.10 m from ground level, calibrated to handle a flow of 10 L/min, thus matching the human breathing rate. The sampler was based on capture following the impact of particles on a surface consisting in a transparent plastic Melinex® tape, properly equipped [40,41], coated with a 2% silicon solution as the trapping surface. The Melinex® tape moved with a speed of 2 mm per hour on a cylindrical drum that makes a complete round in a week. Following the week-long air monitoring, the sampling tape was cut into daily segments of 48 mm, treated with glycerine jelly, stained with basic fuchsin solution to be mounted on microscope slides, and then observed with an optical microscope (magnification of 400×) using tangential fields lecture’s type on horizontal lines for the count and characterization of pollen and fungal spores [42]. The aerobiological contaminants were expressed as the number of pollen grains and the number of fungal spores per cubic meter of air (particles/m3).




2.3. Microclimate Monitoring


The indoor meteorological measurements were carried out inside the Research Center building of INAIL during the summer 2016 and winter 2017 periods simultaneously with the aerobiological measurements, using a Delta Ohm model 32.1 (Padua, Italy) data logger. The data logger was connected to a relative humidity/temperature combined probe (sensor type thin film Pt 100 for the temperature, and capacity sensor type for relative humidity) and to an omnidirectional hot-wire probe for the wind speed measurement, providing simultaneous measurements of Tair, RH and WS. The temporal changes of the environmental parameters Tair, RH, WS, were monitored with a time resolution of 30 min.




2.4. Occupant Behavior Monitoring


The occupant behavior monitoring was performed inside the Research Center building of INAIL using specific spreadsheets to record the workers’ data, including the WDs (from Monday to Friday) and the NWDs (from Saturday to Sunday) during the summer and winter campaigns. Moreover, we classified the WDs in non-working hours (NWHs, 07:30 p.m.–07:30 a.m.) and working hours (WHs, 07:30 a.m.–07:30 p.m.). This information represented the aggregated input data in our database, which was then processed in order to evaluate their combined effects. The occupants’ data included the presence and the number of workers, the overall time spent in indoor workplaces, and their actions, such as opening/closing doors/windows, and turning on/off the ventilation in indoor occupational setting. Table 1 shows an example of a spreadsheet during a representative NWD and WD (based on [37]).




2.5. Statistical Analysis


The statistical analyses were performed using MATLAB™ (version R2015b). Descriptive statistics for all of the variables—pollen and fungal spores, microclimate parameters (Tair, RH, WS), occupants’ presence, and door and window opening times—were calculated. The cross-correlation was used as the preliminary procedure, which included a data preprocessing stage in order to improve the calculation of the correlations and the subsequent multivariate regression analysis (MR).



For the MR analysis, the data were aggregated on 6-hourly averages, starting with a 4-hourly time resolution (0–6; 6–12; 12–18; 18–24), and each variable was crossed with all of the other ones. This analysis was composed of three models using the occupants’ behavior and microclimate as the input variables in order to reproduce the observed pollen and fungal spore values. In particular, the following three MR have been adopted in order to forecast the pollen and fungal spores trend: the first model uses all of the input variables (MRall), the second model does not include the open door (MRno) and Tair among the input variables (MRno_od-Tair), and the third model considers only the occupants’ behavior as the input variable (MRob).





3. Results


3.1. Pollen and Fungal Spores Characterization


The aerobiological data were processed, considering the pollen and fungal spores’ taxa as the total number of particles and speciation in order to carry out their characterization. The indoor aerobiological monitoring during the winter and summer campaigns allowed us to identify the representative species usually detected in outdoor environments, including their taxa and particles sizes. During the summer campaign, we found that the higher pollen concentrations belonged to Castanea sativa (40.7%), Urticaceae (35.8%), and Plantaginaceae (5.6%) (Figure 2a). On the other hand, pollen belonging to Cupressaceae (61.3%), Urticaceae (18.6%), and Corylus avellana (8.3%) were detected with higher concentrations during the indoor winter season (Figure 2c).



Regarding the fungal spores, we found that during the summer monitoring the most frequently detected genera were Cladosporium (85.7%), Alternaria (9.8%) and Epicoccum, Helminthosporium, Polythrincium, Stemphylium and Torula, with a total concentration of 4.5% (Figure 2b). During the winter campaign, the most relevant genus was Cladosporium, with a percentage of 98.3%. Alternaria, Epicoccum, Stemphylium, and Torula reached the overall percentage of 1.7% (Figure 2d).



The representative particle sizes in the summer campaign were 10–19 µm, with a total of 92.4%, including Castanea, Urticae, and Plantaginace (Figure 3a), whereas in the winter, they were 20–40 µm, comprising Cupressacee, Alnus, and Ulmacee, representing a total of 92.4% (Figure 3b).




3.2. Non-Working Days (NWDs) and Working Days (WDs)


The data were processed showing the daily values in order to perform a descriptive analysis and determine the relationship between NWDs and WDs (during the summer and winter campaigns). The daily data collected during the summer (17 days) and winter campaigns (27 days) were divided into NWDs and WDs in order to evaluate the effect of the occupants’ presence/absence on indoor pollen and fungal spore values. The relationships between the occupants, biocontaminants, and seasonal variations are shown in Figure 4.



The results suggest that the occupants’ presence is a key factor contributing to the indoor pollen and fungal spores values in the summer and winter campaigns, and a high increase of the pollen and fungal spore concentrations was observed on WDs (Figure 4).



As reported in [37], the microclimate parameters (mean Tair and mean RH) were also reported for the NWDs and WDs. The mean Tair is higher on WDs (25.9 °C), while on NWDs it is lower (24.5 °C); the mean RH is higher (50.1%) on NWDs with regard to WDs (49.7%) in the summer campaign, whereas in winter the meteorological conditions were more stable (Figure 5).



In Table 2 are shown the daily averages (mean value and standard deviations) and percentages (calculated on daily average) of the pollen and fungal spores during the NWDs and WDs of the summer and winter campaigns. With regard to summer, the NWDs’ and the WDs’ mean daily concentrations were 0.6 particles/m3 (2%) and 28.7 particles/m3 (98%) for pollen, and 5.5 particles/m3 (3.3%) and 161.5 particles/m3 (96.7%) for fungal spores, respectively. With regards to the winter season, the NWDs’ and the WDs’ mean average daily concentrations were 0.9 particles/m3 (14%) and 5.5 particles/m3 for pollen (86%), and 26.2 particles/m3 (38.4%) and 42.0 particles/m3 (61.6%) for fungal spores, respectively. Finally, in the summer, during NWDs and WDs, the total pollen values were 97 particles/m3 and 1148.4 particles/m3, respectively, while the total fungal spores values were 88.0 particles/m3 and 6460.1 particles/m3. In the winter campaign, the total pollen values were 7.0 and 104.3, respectively, while the total fungal spore values were 209.4 particles/m3 and 797.3 particles/m3 during NWDs and WDs, respectively.




3.3. Non-Working Hours (NWHs) and Working Hours (WHs)


In order to evaluate the contribution of the occupants, the data derived from the winter campaign were processed with an hourly resolution, considering two classes of hours: NWHs (07:30 p.m.–07:30 a.m.) and WHs (07:30 a.m.–07:30 p.m.). A comparison between the two classes in a representative day displays an increase of the mean concentration for pollen (1633%) and fungal spores (529%) in WHs with respect to NWHs (Figure 6).



Regarding the occupants’ behavior’s effects, such as the opening time of doors and windows, the biocontaminant data showed an increase of the pollen and fungal spore concentrations in relation to closed and open doors/windows (Figure 7).




3.4. Correlation among Biocontaminants, Meteorological Variables, and Occupants’ Behavior


We evaluated the relationship between biocontaminants and meteorological variables, analyzing their linear correlation, considering the data of winter campaigns (January–February 2017), which were representative of the worst meteorological conditions, in which turbulences conditions are mainly stable or neutral (with a minimum contribution of the convective conditions). To this purpose, the data obtained in the winter campaign were aggregated on a 6-hourly average, based on four hourly time range (0–6; 6–12; 12–18; 18–24), corresponding to the day and night time slots, for a total amount of 80 data points.



Corresponding to daytime and nighttime periods, for a total amount of 80 data points. This aggregation on a 6-hourly average was used in order to reduce the presence of the ‘zeros’ in the measurements, which would make the cross-correlation analysis unreliable in the evaluation of the calculated correlations, and therefore also in the multivariate analysis.



The mean values and standard deviation (SD) for the occupants’ behavior, microclimate factors, pollen, and fungal spore variables were calculated on all of the 6-hourly averages, as shown in Table 3.



The values of the indoor wind speed are generally about 0.1–0.3 m/s, and the effect of the averaging on all of the data consists in a further decrease of such values. Nevertheless, we considered the correlation the same with all of the other variables.



The cross-correlation analysis in Table 4 shows how each variable is linked with the others. In particular, a significant correlation was found between the occupants with respect to Open Door (R = 0.93) and Tair (R = 0.73). Moreover, a significant correlation was found between pollen and WS (R = 0.86), while fewer correlations (Rmax ≤ 0.65) were found between fungal spores and other variables.



Based on the cross-correlation analysis, the multivariate models were subsequently performed using all of the biocontaminants. In order to check the influence of collinearity on the multivariate analysis, three different simulations (MRall, MRno_od-Tair, and MRob) were considered, as described in Section 2.5. In particular, the following three models were developed.



MRall: in this model, all of the possible input variables were considered relating to the occupants’ behavior and microclimate factors, in order to reproduce the pollen and fungal spores. This MR model is the most complete, but it could be affected by the collinearity between some variables. In that regard, the collinearity was a typical statistical data quality assurance to consider before the application of multiregression models. In our experience, in real experimental situations the exclusion in the analysis of these data could give the wrong results. To this end, the contributions of collinear input variables were considered in order to better control the model performances.



MRno_od-Tair: the cross-correlation showed that the Open Door and Tair variables were linearly dependent. Because these variables respectively correlated positively with the occupants and negatively with the relative humidity (RH), in this model, they were not included as an input in the forecast of the biocontaminants (Table 4).



MRob: in this model, the effect on biocontaminants was assessed exclusively using the set of the occupants’ behavior as the input for the MR model.



For the pollen forecast, Table 5 shows that both the MRall (R = 0.89) and MRno_od-Tair (R = 0.88) models have excellent performances. In the table, the Paverage values were added to evaluate the significance of the inputs to each model. The best input combination should coincide with the minimum values. The best model to forecast pollen is determined by the MRno-od-Tair.



Furhermore, the MRob does not perform well for pollen (R = 0.55). Since the two models—MRall and MRno_od-Tair—are quite similar with regard to performances, the results indicate that the open door and air temperature variables are not fundamental to improve the models. The pollen forecast by the three models is shown in Figure 8.



Figure 8 shows the comparison by measured pollen and by the three MR models. In particular, the MRall and MRno_ob-Tair models have similar performances up to values about 5 particles/m3 (consistent with the R values in Table 5). The contribution derived by the different choice of input variables into MR becomes discriminant from 10 particles/m3, up to the higher values over 25 particles/m3. In this range of high pollen values, the simulations show the fundamental role of the micrometeorological input variables to reproduce the observed pollen values.



In Figure 8, the same performance using the MRob was observed (about 7 particles/m3) when the micro-meteorological input variables were not included. At the same time, with reference to this domain, the two models MRall and MRno_ob-Tair reproduce well the observed values. In particular, the MRno_ob-Tair model seems more suitable to higher pollutant values (pollen > 10 particles/m3), whereas for lower pollen values (pollen < 5 particles/m3) the MRall seems to be the more appropriate model (confirming the choice in accordance with Paverage = 0.22).



Table 6 shows that the best model is MRall (R = 0.70) for the fungal spores forecast. In such simulations, the two variables related to air temperature and open doors are important (R = 0.62), as evidenced by the correlation decrease of the MRno_od-Tair model. MRob does not perform well to forecast the fungal spores (R = 0.50).



Using criteria based on the Paverage, the best model to reproduce fungal spores should be MRall.



The fungal spores forecast by the three models is shown in Figure 9.



Concerning the choice of the best forecast for fungal spores, the three models—MRall, MRno_ob_Tair and MRob—seem to have very different performances in relation to the selected input values (as shown by the R values in Table 6).



In Figure 9, it can be observed that the MRall model reproduces well the values up to a hypothetical threshold of 30 particles/m3. In general, beyond the threshold of 30 particles/m3, a performance improvement was not evident. In particular, a slight improvement of two models—MRall e MRno_ob_Tair—with respect to MRob was observed. The fungal spores simulations suggest the existence of non-linear effects reproducing the measurements. Substantially, the comparison between the pollen and fungal spores forecasts shows that multiregression models appear more critical for the last biological pollutants, and that the relationship between fungal spores’ micro-meteorological variables and occupants’ behavior are more complex to investigate.





4. Discussion


Meteorological and aerobiological monitoring were carried out during summer and winter campaigns, in association with monitoring occupants’ presence and behavior, in order to evaluate their combined effect on the pollen and fungal spores levels in indoor workplaces.



Some results presented in this study referred to the Integrated Evaluation of Indoor Particulate Matter VIEPI Project, of which the main goal was the evaluation of indoor and outdoor particulate matter, and their mutual interactions [37].



For this purpose, in the context of aerobiological particle monitoring, pollen seasonality is an important aspect in order to compare data collected over the years in different monitoring sites, and could be very useful for the development of pollen forecast models and pollen transport study [3].



Usually, pollination can be distinguish into three main periods, represented by winter-pre-spring (January to March) for Betulaceae, Corylaceae, Cupressaceae, Salicaceae and Ulmaceae; spring–summer (April to June) for Gramineae, Urticaceae, Oleaceae, Plantago, Fagaceae, Pinaceae and Polygonaceae; and summer–autumn (August to September) for Urticaceae, Composilae and Chenopodiaceae [43,44]. Our aerobiological monitoring performed during the winter and summer seasons showed species that were representative of the seasonality, belonging to Castanea sativa (40.7%), Urticaceae (35.8%) and Plantaginaceae (5.6%) during the summer campaigns, whereas in winter Cupressaceae (61.3%), Urticaceae (18.6%) and Corylus avellana (8.3%) were prevalent (Figure 2). The higher percentages of Urticaceae and Cupressaceae may be explained by considering the vegetation around the Research Center building, as described in the Section 2.1, and the presence of pollen from Castanea sativa and Corylus avellana resulting from sources located within an area of ~10 Km radius [45].



The indoor trends of the pollen and fungal spores evidenced higher values for both biocontaminants in the summer in respect to the winter period in our study (Table 2). Higher total fungal levels were reported in autumn than in summer and winter [46]. The fungal characterization evidenced a prevalence in outdoor environments of Cladosporium spp. [47] and Aspergillus spp. in the summer, autumn, and winter seasons, while Alternaria species were more represented in the spring season [48]. Another study indicated Alternaria as the most abundant fungal spore type found during the summer season [49].



Focusing on the dimensions of the particles, more particles in summer campaign were 10–19 µm, with a total of 92.4%, including Castanea, Urticae, and Plantaginace (Figure 3a), whereas in winter, the particles were 20–40 µm, comprising Cupressacee, Alnus, and Ulmacae, representing a total of 92.4% (Figure 3b). The bioaerosols with particles < 5 µm are more hazardous in terms of adverse health effects, and the bioparticles with a diameter between 10 and 30 µm (represented by Castanea sativa, Urticaceae, Plantaginaceae, Cupressaceae, Corylus avellana in higher percentages) can be deposited in the respiratory tract, resulting in allergy diseases.



The seasonality and the presence of different species are important also in occupational settings, in which a 10% decrease in productivity was reported in workers with allergies using no medication with respect to those without allergies [50]. This aspect is relevant considering that vegetable-derived allergies were reported for different categories of workers, such as Champagne vineyard workers, during the gramineae pollination (June–July) and vine pollination (first 15 days of June) [51], in flower cultivators with cyclamen (Cyclamen persicum) [52], in employees exposed to Brassica oleracea pollen [53], in pepper greenhouse employees [54], in horticulture workers for sweet bell pepper pollen [55], in greenhouse flower and/or ornamental plant growers [56], and in workers exposed to fungal spores in grain storage godowns [57].



The results of the present article seem to indicate an increase of aerobiological particle concentrations during working hours (WHs, 7:30 a.m.–7:30 p.m.) in relation to workers’ presence and behavior. On the contrary, during non-working days (NWDs from Saturday to Sunday) or in absence of occupants, the biocontaminant values decreased. These data suggest that the presence of the occupants is an important factor contributing to the indoor concentration of biocontaminants such as pollen.



Particular attention should be paid to pollen transport as a possible consequence of human passage and movement, or derived from textile products [58,59]. Concerning occupants’ behaviors’ effects, such as opening time of doors and windows, the biocontaminant data showed an increase of pollen and fungal spore levels in relation to open/closed doors and windows (Figure 7). The mean increase of pollen concentrations in relation to open/closed doors was 56.97%, and in relation to open/closed windows was 106.84%. The mean increase of fungal spore concentrations in relation to open/closed doors was 127.35%, and to open/closed windows was 89.90%.



In the context of models to forecast the trend of pollutants such as pollen, it is relevant to understand how the input variables are correlated to each other [60]. The cross-correlation analysis suggested that the temporal variability of pollen and fungal spores cannot be predicted by using the univariate models. Three different simulations of multivariate models (MRall, MRno_od-Tair and MRob) were performed in order to investigate the influence of different inputs on the models. The best MR model to forecast the pollen was MRno-od-Tair (with R = 0.88 and Paverage = 0.22). Meanwhile, the best MR model to forecast fungal spores was MRall (with R = 0.70 and Paverage = 0.07). The MRob did not perform well to forecast the pollen (R = 0.55) and the fungal spores (R = 0.50).



The multivariate models seem to suggest that the effect of opening/closing doors was more evident for fungal spores than pollen.



A critical topic is the evaluation of bioaerosol exposure due to the complexity and diversity of biocontaminants in indoor environments. Recent developments in this field have shown the necessity of innovative measurement methods of the allergens such as pollen and fungal spores, and the importance of specific criteria to estimate workers’ health effects. Numerous airborne microrganisms—such as bacteria, viruses, fungi, and particles and fragments of biological origin (e.g., animal and vegetable-derived allergens)—present in the air could determine several adverse health effects, including respiratory symptoms and lung function [6,61]. In order to estimate these effects, we have to take into account the pathogenicity of specific microrganisms, the physical characteristics of bioaerosol, and their environmental interactions. Several factors influence biocontaminants’ survival and diffusion in the environments, such as metereological conditions— especially wind speed and direction—that impact on their concentration and dispersion, as well as the relative humidity, which affects their growth. Furthermore, atmospheric pollutants and climate change may have relevant effects on the properties of aerobiological particles such as pollen grains [11,30,62]. In the literature, different studies have reported high molecular weight agents of biological origin and other allergens that cause sensitization and allergic diseases such as asthma and rhinitis in different occupational settings [32]. Asthma is a clinical manifestation of allergic diseases, and it was estimated that more than 339 million people had asthma in 2016 (https://www.who.int/news-room/fact-sheets/detail/asthma) (accessed on 3 March 2021). Moreover, about 17% of all adult-onset cases of asthma are associated with occupational exposures (https://www.cdc.gov/niosh/topics/asthma/epidemiology.html) (accessed on 3 March 2021). Changes in pulmonary function and nervous systems have been evidenced in many papers about workers exposed to fungal spores [57]. To this end, it is important to develop protocols to assess sensitization and allergic symptoms in terms of their dose–response relationship [13,15,32,33]. The predictive models and maps of seasonality [63] could represent valid tools for the management, control, and prevention of allergies for both indoor and outdoor workers. In any case, our study confirms the central role of occupants affecting levels of airborne biocontaminants regardless of seasonality, and they should be also taken into account as input variables in predictive models.



Moreover, an integrated approach should be promoted in order to better understand the role of the worker as an actor in a typical occupational setting, where several co-factors are mutually interacting in the dynamics of the environment.




5. Conclusions


Pollen and fungal spores are components of bioaerosols, and their role in workplaces is still little studied [21,25,32,64,65,66]. Some features of occupational allergies need to be investigated through cohort studies [67], evaluating the effects of preventive programs and supporting aerobiological monitoring as an important tool to take into account to enhance occupational health [68,69,70].



The results obtained in this study show that microclimate factors, and occupants’ presence and actions are included in the complexity of indoor environments, and could affect the variability of biocontaminants. In this respect, it is important to perform a statistical analysis including all variables that could help to explain pollen and fungal spore trends. The best model to forecast the effect of variables on biocontaminants is MRall, as our findings seem to suggest, especially for pollen in respect to fungal spores.



The data categories grouped in the NWDs and in the WDs, in the NWHs and in the WHs evidenced the role of the occupants as a vehicle in the spread of pollen and fungal spores. In terms of taxa distribution, we found indoor aerobiological profiles according to outdoor seasonality. In addition, the classification in non-working days/hours and working days/hours may be a valid support in the assessment of the biological and allergological risks.



The results of present work seem to show an increase of biocontaminants during the WDs and WHs in relation to the workers’ presence and behavior. On the contrary, during the NWDs and NWHs, the aerobiological particles were reduced, suggesting a key role of the occupants.



This study, applying the multiregression models to investigate aerobiological pollutants in an occupational setting, and not only in public health, might be of significant interest in the evaluation and prediction of temporal variability for aerobiological biocontaminants, and further investigation should be performed in order to realise a large number of field campaigns in occupational settings. The MRall model confirmed the relationship with air pollution, meteorological factors, and occupants’ presence and behavior according to our previous findings [37].



The primary goal and the strength of this study was to suggest how to investigate aerobiological pollution, studying its relationship with humans’ actions and microclimate variables using data derived from representative campaigns. The multiregression analysis to forecast the trend of pollen and fungal spores in indoor occupational settings confirmed the necessity of more robust studies based on intensive and long-term campaigns. A deeper understanding on these topics might provide practical implications for several aspects regarding biocontaminants exposure both in public and occupational health in the context of environmental exposure to contaminants derived by different indoor and outdoor sources [37,71,72]. The characterization and dimensional distribution of the bioparticles have to be take into account in the management of biological and allergological risks.
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Figure 1. Vegetation of the monitoring site: Cupressaceae (a), Oleaceae (b), Pinaceae (c), Poaceae (d), Plantaginaceae (e), and Urticaceae (f). 
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Figure 2. Characterization of the pollen (a) and fungal spores (b) during the summer campaign (20 June–14 August 2016); characterization of the pollen (c) and fungal spores (d) during the winter campaign (26 January–21 February 2017). 
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Figure 3. Dimensional distribution of pollen during the summer campaign (20 June–14 August 2016) (a) and during the winter campaign (26 January–21 February 2017) (b). 
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Figure 4. Mean concentrations of the pollen (a) and fungal spores (b) in relation to the mean occupants during the NWDs and WDs of the summer campaign (26 July–11 August 2016), and the mean concentration of the pollen (c) and fungal spores (d) in relation to the mean occupants during the NWDs and WDs of the winter campaign (26 January–21 February 2017). 
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Figure 5. Trend of pollen and fungal spores with a daily time resolution during the NWDs and WDs in the summer campaign (26 July–11 August 2016) (a) and in the winter campaign (26 January–21 February 2017) (c); trend of Tair, RH, and WS with a daily time resolution during the NWDs and WDs in the summer campaign (26 July–11 August 2016) (b) and in the winter campaign (26 January–21 February 2017) (d). 






Figure 5. Trend of pollen and fungal spores with a daily time resolution during the NWDs and WDs in the summer campaign (26 July–11 August 2016) (a) and in the winter campaign (26 January–21 February 2017) (c); trend of Tair, RH, and WS with a daily time resolution during the NWDs and WDs in the summer campaign (26 July–11 August 2016) (b) and in the winter campaign (26 January–21 February 2017) (d).



[image: Sustainability 13 03154 g005]







[image: Sustainability 13 03154 g006 550] 





Figure 6. Mean concentration of pollen and fungal spores for a representative day during the NWHs and WHs of the winter campaign (26 January–21 February 2017). 






Figure 6. Mean concentration of pollen and fungal spores for a representative day during the NWHs and WHs of the winter campaign (26 January–21 February 2017).



[image: Sustainability 13 03154 g006]







[image: Sustainability 13 03154 g007 550] 





Figure 7. Pollen and fungal spore concentrations in relation to closed and open doors (a), and to open and closed windows (b) for a representative day during the WHs of the winter campaign (26 January–21 February 2017). 
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Figure 8. Pollen values calculated by the three MRs’ models. 
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Figure 9. Fungal spores values calculated by the three MRs’ models. 
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Table 1. Example of a spreadsheet developed in order to detect the workers’ presence, behavior, and microclimate factors in indoor workplaces of Monte Porzio Catone during a representative NWD and a representative WD (based on [37]).
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A representative NWD




	
Hour

	
Door

(min)

	
Window

(min)

	
Fan

(min)

	
Occupants

(n)

	
Tair

(°C)

	
RH

(%)

	
WS

(m/s)






	
07:30

	
Closed

	
Closed

	
Off

	
0

	
19.85

	
40.05

	
0




	
08:00

	
Closed

	
Closed

	
Off

	
0

	
19.80

	
39.94

	
0




	
08:30

	
Closed

	
Closed

	
Off

	
0

	
19.80

	
39.76

	
0.001




	
09:00

	
Closed

	
Closed

	
Off

	
0

	
19.79

	
39.71

	
0




	
09:30

	
Closed

	
Closed

	
Off

	
0

	
19.80

	
39.85

	
0.001




	
10:00

	
Closed

	
Closed

	
Off

	
0

	
19.80

	
40.11

	
0




	
10:30

	
Closed

	
Closed

	
Off

	
0

	
19.80

	
40.27

	
0.001




	
11:00

	
Closed

	
Closed

	
Off

	
0

	
19.71

	
40.58

	
0




	
11:30

	
Closed

	
Closed

	
Off

	
0

	
19.70

	
40.98

	
0




	
12:00

	
Closed

	
Closed

	
Off

	
0

	
19.70

	
41.06

	
0




	
12:30

	
Closed

	
Closed

	
Off

	
0

	
19.63

	
41.21

	
0




	
13:00

	
Closed

	
Closed

	
Off

	
0

	
19.60

	
41.30

	
0




	
13:30

	
Closed

	
Closed

	
Off

	
0

	
19.60

	
41.35

	
0




	
14:00

	
Closed

	
Closed

	
Off

	
0

	
19.60

	
41.44

	
0




	
14:30

	
Closed

	
Closed

	
Off

	
0

	
19.53

	
41.58

	
0




	
15:00

	
Closed

	
Closed

	
Off

	
0

	
19.50

	
41.68

	
0




	
15:30

	
Closed

	
Closed

	
Off

	
0

	
19.50

	
41.82

	
0




	
16:00

	
Closed

	
Closed

	
Off

	
0

	
19.50

	
41.93

	
0




	
16:30

	
Closed

	
Closed

	
Off

	
0

	
19.50

	
42.01

	
0




	
17:00

	
Closed

	
Closed

	
Off

	
0

	
19.46

	
42.14

	
0




	
17:30

	
Closed

	
Closed

	
Off

	
0

	
19.40

	
42.31

	
0




	
18:00

	
Closed

	
Closed

	
Off

	
0

	
19.35

	
42.43

	
0




	
18:30

	
Closed

	
Closed

	
Off

	
0

	
19.30

	
42.49

	
0.001




	
19:00

	
Closed

	
Closed

	
Off

	
0

	
19.23

	
42.43

	
0.001




	
19:30

	
Closed

	
Closed

	
Off

	
0

	
19.20

	
42.37

	
0




	
A Representative WD




	
Hour

	
Door

(min)

	
Window

(min)

	
Fan

(min)

	
Occupants

(n)

	
Tair

(°C)

	
RH

(%)

	
WS

(m/s)




	
07:30

	
Closed

	
Closed

	
Off

	
0

	
20.87

	
35.12

	
0




	
08:00

	
Closed

	
Closed

	
Off

	
0

	
20.89

	
35.04

	
0




	
08:30

	
Closed

	
Closed

	
Off

	
0

	
20.95

	
34.66

	
0




	
09:00

	
Open

	
Open

	
Off

	
1

	
22.02

	
31.46

	
0.003




	
09:30

	
Open

	
Open

	
Off

	
1

	
22.61

	
31.01

	
0




	
10:00

	
Open

	
Open

	
Off

	
1

	
23.08

	
31.14

	
0




	
10:30

	
Open

	
Open

	
Off

	
0

	
22.62

	
32.86

	
0.023




	
11:00

	
Open

	
Open

	
Off

	
2

	
22.40

	
34.26

	
0.064




	
11:30

	
Open

	
Open

	
Off

	
1

	
22.17

	
34.62

	
0.143




	
12:00

	
Open

	
Open

	
Off

	
1

	
22.30

	
33.37

	
0.159




	
12:30

	
Open

	
Open

	
Off

	
0

	
23.08

	
29.71

	
0.059




	
13:00

	
Open

	
Closed

	
Off

	
0

	
24.11

	
28.05

	
0




	
13:30

	
Open

	
Closed

	
Off

	
1

	
24.32

	
27.45

	
0




	
14:00

	
Open

	
Closed

	
Off

	
1

	
24.48

	
26.18

	
0




	
14:30

	
Open

	
Closed

	
Off

	
2

	
24.61

	
23.79

	
0




	
15:00

	
Open

	
Closed

	
Off

	
2

	
24.98

	
23.66

	
0




	
15:30

	
Closed

	
Closed

	
Off

	
1

	
25.76

	
25.07

	
0




	
16:00

	
Open

	
Closed

	
Off

	
1

	
25.97

	
25.66

	
0




	
16:30

	
Open

	
Closed

	
Off

	
1

	
26.04

	
22.98

	
0




	
17:00

	
Open

	
Closed

	
Off

	
1

	
24.64

	
25.04

	
0




	
17:30

	
Closed

	
Closed

	
Off

	
0

	
24.19

	
27.20

	
0.002




	
18:00

	
Closed

	
Closed

	
Off

	
0

	
23.96

	
28.62

	
0




	
18:30

	
Closed

	
Closed

	
Off

	
0

	
23.49

	
29.89

	
0




	
19:00

	
Closed

	
Closed

	
Off

	
0

	
23.11

	
30.64

	
0




	
19:30

	
Closed

	
Closed

	
Off

	
0

	
22.76

	
31.37

	
0
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Table 2. Total concentrations (TC), daily averages (DA) (mean value and standard deviations) and percentages (%) of pollen and fungal spores during the NWDs (from Saturday to Sunday) and WDs (from Monday to Friday) of the summer (20 June–14 August 2016) and winter campaigns (26 January–21 February 2017).






Table 2. Total concentrations (TC), daily averages (DA) (mean value and standard deviations) and percentages (%) of pollen and fungal spores during the NWDs (from Saturday to Sunday) and WDs (from Monday to Friday) of the summer (20 June–14 August 2016) and winter campaigns (26 January–21 February 2017).





	

	
NWDs (from Saturday to Sunday)

	
WDs (from Monday to Friday)




	

	
NWD

(N Days)

	
TC

(Particles/m3)

	
DA

(Particles/m3)

	
Percentages

(%) *

	
WD

(N Days)

	
TC

(Particles/m3)

	
DA

(Particles/m3)

	
Percentages

(%) *






	
Summer

	
16

	

	

	

	
40

	

	

	




	
Pollen

	
97.0

	
0.6 ± 1.2

	
2.0

	
1148.4

	
28.7 ± 53.1

	
98.0




	
Fungal Spores

	
88.0

	
5.5 ± 7.7

	
3.3

	
6460.1

	
161.5 ± 204.5

	
96.7




	
Winter

	
8

	

	

	

	
19

	

	

	




	
Pollen

	
7.0

	
0.9 ± 1.2

	
14.0

	
104.3

	
5.5 ± 8.8

	
86.0




	
Fungal Spores

	
209.4

	
26.2 ± 41.0

	
38.4

	
797.3

	
42.0 ± 39.0

	
61.6








(*) Percentage of biocontaminants in field seasonal campaigns calculated on daily average.
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Table 3. Average values and standard deviations of the variables Open Door (OD), Occupants (Occ), Open Window (OW), Fan On, Tair, RH, WS, Pollen, and Fungal Spores on 6-h averages.






Table 3. Average values and standard deviations of the variables Open Door (OD), Occupants (Occ), Open Window (OW), Fan On, Tair, RH, WS, Pollen, and Fungal Spores on 6-h averages.

















	
	OD

[0–1]
	Occ

[%]
	OW

[0–1]
	Fan On

[0–1]
	Tair

[°C]
	RH

[%]
	WS

[m/s]
	Pollen

[Particles/m3]
	Fungal Spores

[Particles/m3]





	Mean
	0.13
	0.15
	4.88
	3.88
	20.42
	39.56
	0.00
	1.20
	11.49



	StDev
	0.25
	0.29
	16.15
	15.68
	2.17
	7.19
	0.01
	3.40
	19.94
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Table 4. Pearson cross-correlation coefficients R among the occupants’ behavior, microclimate variables, and the observed pollen and fungal spores.






Table 4. Pearson cross-correlation coefficients R among the occupants’ behavior, microclimate variables, and the observed pollen and fungal spores.

















	
	OD
	Occ
	OW
	Fan On
	Tair
	RH
	WS
	Pollen
	Fungal Spores





	OD
	1.00
	
	
	
	
	
	
	
	



	Occ
	0.93
	1.00
	
	
	
	
	
	
	



	OW
	0.60
	0.49
	1.00
	
	
	
	
	
	



	Fan On
	0.58
	0.52
	−0.05
	1.00
	
	
	
	
	



	Tair
	0.73
	0.73
	0.33
	0.45
	1.00
	
	
	
	



	RH
	−0.55
	−0.58
	−0.21
	−0.28
	−0.81
	1.00
	
	
	



	WS
	0.47
	0.56
	0.44
	0.07
	0.37
	−0.30
	1.00
	
	



	Pollen
	0.33
	0.42
	0.33
	−0.06
	0.37
	−0.30
	0.86
	1.00
	



	Fungal Spores
	0.37
	0.40
	0.29
	−0.03
	0.35
	−0.15
	0.58
	0.65
	1.00
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Table 5. Coefficients of the three multivariate models and the Pearson correlation (R) for pollen.






Table 5. Coefficients of the three multivariate models and the Pearson correlation (R) for pollen.











	
	MRall
	MRno_od-Tair
	MRob





	Intercept
	−9.26
	2.49
	0.48



	Occ
	−0.80
	−0.22
	11.29



	OD (0–1)
	−0.46
	//
	−6.90



	OW (0–1)
	−0.02
	−0.02
	0.00



	Fan On (0–1)
	−0.04
	−0.03
	−0.05



	Tair
	0.43
	//
	//



	RH
	0.03
	−0.05
	//



	WS
	278.04
	277.86
	//



	R
	0.89
	0.88
	0.549



	Paverage
	0.32
	0.22
	0.18
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Table 6. Coefficients of the three multivariate models and the Pearson correlation (R) for fungal spores.






Table 6. Coefficients of the three multivariate models and the Pearson correlation (R) for fungal spores.











	
	MRall
	MRno_od-Tair
	MRob





	Intercept
	−152.89
	−7.08
	7.14



	Occ
	−14.56
	25.31
	19.79



	OD (0–1)
	−50.64
	//
	34.70



	OW (0–1)
	−0.40
	−0.10
	−0.17



	Fan On (0–1)
	−0.58
	−0.28
	−0.56



	Tair
	5.22
	//
	//



	RH
	1.39
	0.35
	//



	WS
	939.48
	845.37
	//



	R
	0.70
	0.62
	0.50



	Paverage
	0.07
	0.25
	0.22
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