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Correlation and Regression Analyses of Particulate Matter Concentrations and Microbial Loads in Air at some Secondary Schools in Port Harcourt Rivers State Nigeria


ABSTRACT
This study assessed the relationship between particulate matter (PM₁, PM₂.₅, PM₄, PM₇, and PM₁₀) and airborne microbial load (bacteria and fungi) in school environments within Port Harcourt, Nigeria. Particulate concentrations were measured using aeroset handheld particle counter 531S, while microbial loads were determined with passive settle plate method using 9 cm diameter petri dishes and expressed as CFU/m³. Correlation and regression analyses were applied to evaluate associations under dry and wet conditions.Results showed moderate positive correlations between bacterial load and fine particles, particularly PM1 (r = 0.5287), PM2.5 (r = 0.4430), PM7 (r = 0.4238) in the wet season. Fungal load exhibited stronger associations with coarse particles PM₄ (r = 0.6487) and PM₇ (r = 0.7007), especially during the dry season. Regression analysis indicated weak and non-significant relationships between bacteria and PM (R2 = 0.088 and 0.104 for PM1 and PM2.5 respectively; R2 = 0.01, 0.006, 0.015 for PM4, PM7, PM10 respectively) while fungi showed moderate relationships with PM₇ being statistically significant (p < 0.05) and R2 = 0.427 and 0.456 for PM4 and PM7 respectively.The study demonstrates that coarse particulate matter plays a more significant role in fungal distribution than bacterial transport and highlights the importance of considering both biological and non-biological pollutants in school air quality assessments.
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INTRODUCTION
Air quality has emerged as a critical environmental and public health concern in urban centres worldwide, particularly in rapidly industrializing cities where anthropogenic activities intensify atmospheric pollution. In Port Harcourt, Rivers State, Nigeria, this concern has become especially pronounced due to persistent emissions from industrial operations, vehicular traffic, gas flaring, and recurrent soot episodes. These factors contribute to elevated levels of airborne particulate matter (PM) and bioaerosols, creating a complex pollution profile that poses significant risks to human health. Within this context, indoor environments—especially schools—have gained increasing attention, as they represent microenvironments where vulnerable populations, particularly children and adolescents, spend substantial portions of their day (Dick & Wekhe, 2020; Yakubu, 2017; Stanley & Bamidele, 2022).
The significance of indoor air quality in educational settings cannot be overstated. Students typically spend between 7 and 8 hours daily within classroom environments, making them highly susceptible to prolonged exposure to both chemical and biological pollutants. Poor indoor air quality has been associated with a range of adverse outcomes, including respiratory infections, allergic reactions, reduced cognitive performance, and overall discomfort, all of which can negatively impact learning and academic achievement (Dick & Wekhe, 2020; Yakubu, 2017; Stanley & Bamidele, 2022). Consequently, understanding the composition and determinants of indoor air pollutants in schools is essential for safeguarding student health and optimizing educational outcomes.
Microbial air quality, a key component of indoor environmental quality, has been extensively studied in schools across Rivers State. Evidence indicates that classrooms often harbour high concentrations of airborne microorganisms, with bacterial counts ranging from approximately 4.8×10³ to 4.66×104 colony-forming units per cubic metre (CFU/m³), and fungal counts reaching up to about 2.6×104 CFU/m³ (Dick & Wekhe, 2020; Ezinwanne & Loveth, 2023; Stanley & Bamidele, 2022). These values frequently exceed recommended guidelines, raising concerns about potential health implications. The microbial communities identified in these environments commonly include genera such as Bacillus, Staphylococcus, Escherichia, Aspergillus, Penicillium, and Mucor, many of which are associated with respiratory diseases, opportunistic infections, and allergic responses (Dick & Wekhe, 2020; Ezinwanne & Loveth, 2023; Stanley & Bamidele, 2022). The prevalence of these microorganisms is often linked to environmental and behavioural factors such as overcrowding, inadequate ventilation, poor sanitation, and high occupant density, all of which facilitate the accumulation and dispersion of bioaerosols within enclosed spaces.
While microbial contamination presents one dimension of indoor air pollution, particulate matter represents another critical and often interrelated component. Studies conducted in Port Harcourt and its surrounding local government areas have consistently reported elevated concentrations of particulate matter across various size fractions, including PM1, PM2.5, and PM10. Notably, indoor PM levels in school environments are frequently higher than outdoor levels, suggesting the influence of indoor sources and resuspension processes. Reported indoor PM2.5 concentrations in secondary schools range from approximately 18.5 to 24.5 µg/m³, with PM10 levels in some cases exceeding national regulatory limits (Awolo. et al., 2026; Ideriah. et al., 2025). These elevated concentrations are attributed to multiple sources, including dust resuspension from classroom activities, infiltration of outdoor pollutants, and contributions from nearby anthropogenic activities.
At a broader scale, the air quality situation in Port Harcourt is further complicated by seasonal and meteorological factors. During the dry season, reduced humidity and increased wind activity promote the suspension and transport of fine particles, leading to higher PM concentrations. Additionally, local sources such as unpaved roads, industrial emissions, and gas flaring significantly contribute to the atmospheric burden of particulate matter (Yakubu, 2017; Akanji et al., 2024; Abuchi et al., 2025; Ideriah. et al., 2025). These environmental dynamics not only influence outdoor air quality but also affect indoor environments through infiltration and deposition processes, thereby linking external pollution sources with indoor exposure risks (Osuji et al., 2020; Eduk et al., 2018; Ugwa et al., 2024; Tamunopiriye & Taylor, 2023).
Despite the growing body of literature on both microbial air quality and particulate matter in Port Harcourt, existing studies have largely examined these components in isolation. Investigations focusing on classroom microbial loads have provided valuable insights into bacterial and fungal concentrations but often lack concurrent measurements of particulate matter (Dick & Wekhe, 2020; Ezinwanne & Loveth, 2023; Stanley & Bamidele, 2022). Conversely, studies assessing particulate matter concentrations in school environments frequently do not incorporate microbiological analyses (Awolo. et al., 2026; Ideriah. et al., 2025). This fragmented approach limits the ability to fully understand the interactions between particulate matter and airborne microorganisms, particularly given that particles can act as carriers or substrates for microbial growth and transport.
Furthermore, while some studies in the wider Port Harcourt region have employed correlation and regression analyses to explore relationships between air pollutants, meteorological variables, and health outcomes, there remains a notable gap in research examining the statistical relationship between particulate matter and microbial loads in indoor school environments (Osuji et al., 2020; Tamuno-Owunari et al., 2024; Eduk et al., 2018; Akanji et al., 2024). Understanding this relationship is crucial, as it may reveal whether elevated particulate matter levels contribute to increased microbial concentrations, thereby compounding health risks for exposed populations.
In this context, a study focusing on the correlation and regression analyses of particulate matter concentrations and airborne microbial loads in secondary schools in Port Harcourt is both timely and necessary. By simultaneously measuring PM fractions (PM1–PM10) and microbial counts, such a study can provide empirical evidence on the extent to which these variables are interrelated. Statistical analyses can help identify whether higher particulate matter levels are significantly associated with increased bacterial and fungal loads, and whether these relationships are influenced by factors such as ventilation, occupancy, and environmental conditions. The development of predictive models based on these relationships would further enhance the capacity for risk assessment and inform targeted interventions aimed at improving indoor air quality.
Ultimately, this study is justified by the urgent need to address the “double burden” of air pollution in Port Harcourt, characterized by both chemical and biological contaminants. Secondary school students represent a particularly vulnerable population due to their prolonged exposure and developmental sensitivity. By bridging the existing knowledge gap between particulate matter and microbial air quality, this research will contribute to evidence-based strategies for creating healthier learning environments, reducing exposure risks, and improving both health and educational outcomes in the region.

MATERIALS AND METHODS
Study Area
Port Harcourt Local Government Area, Rivers State, Nigeria which is located in latitudes 4°51´ 30˝ N and 4° 57´ 30˝ N and longitudes 6°50´ 00˝ E and 7°00´ 00˝ E. PortHarcourtisfoundinthesub-equatorialregion.Ithasatropicalclimatewithameantemperatureof30°C, arelative humidityof80%-100%,andameanyearlyrainfallofabout2,300mm(Nyeche and Ndukwu, 2018).Tropical rainforest is found in the inland part of Rivers State and mangrove swamps towards the coast of the Atlantic Ocean. 
The vegetation representsthemostluxuriant,themostcomplex andthemostdiverseterrestrialecosystemtheworldhasknown (Nyeche and Ndukwu, 2018). Unfortunately, muchoftherainforesthasbeendestroyedasaresultoffarming,commerciallumberingandurbanization;ironicallythesevegetal coversaresupposedtoserveassinktopollutants,whereintheyaredepleted and pollutionlevelsareprojectedtobeonthehigh.
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Map .1	Study Area Showing Sampling School Locations
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Sampling Procedure for Particulates 
A hand-held digital aerocet Handheld Particle Counter 531S was used to measure PM1, PM2.5, PM4, PM7, and PM10at the study area. The equipment was pre-calibrated before usage for quality assurance purposes. At each station, the monitor was switched on and allowed to stabilize for five minutes. It was held up in an open space with a consideration of the average height of a human. Each reading was recorded when the equipment stabilized and switched off thereafter.

Sampling Procedure and Determination of Microbiological Contentin Air
Bacteria and fungi measurement was done by passive air sampling technique: the settle plate method using 9 cm diameter Petri dishes was used. The sampling height was approximated to human breathing zone which was 1m above the floor and at the center of sampling spots. Bacteria and fungi were collected on an autoclaved 2% nutrient agar and 4% SabouroadAgar respectively using 9cm diameter petri dishes. To obtain the appropriate surface density for counting and to determine the load with respect to time of exposure, the sampling times were set at 30, 60, 90 min.  After exposure the samples were taken to the laboratory and incubated at 37 °C for 24 h for bacteria and at 25 °C for 3 days for fungi. Colony forming units (CFU) were enumerated, CFU/ m3 was determined, taking into account the following equation described by (Gutarowskaet. al., 2015; Borrego, et al., 2010).
 N = 5a x104 (bt)-1	
Where N=microbial CFU/m3 of indoor air; 
a=number of colonies per Petri dish;
 b=dish surface (cm2); 
t=exposure time (min). Then, identification of isolates will be done according to standard methods. (Cheesbrough, 1996).


RESULTS AND DISCUSSION
Correlation Between Microbiological Loads and Particulate Matter in the PHALGA Area
Dry-season bacterial loads presented in Table 1 show a moderate positive correlation with PM1 Wet (r = 0.5287) and PM1 Dry (r = 0.3090), suggesting that ultra-fine particulates play a role in bacterial transport. Bacterial_Load_Wet correlates strongly with PM2.5 Wet (r = 0.4430) and PM7 Wet (r = 0.4238), indicating that fine and coarse particles enhance microbial aerosolization during rainfall. Fungal_Load_Dry shows strong positive correlations with PM4 Dry (r = 0.6487) and PM7 Dry (r = 0.7007), demonstrating that fungal spores attach effectively to mid-range coarse particulates in the dry season. Fungal_Load_Wet displays a highly negative correlation with PM1 Wet (r = –0.3266) and PM2.5 Wet (r = –0.0417), suggesting that fine particles inhibit wet-season fungal survival. PM classes exhibit extremely strong internal correlations, such as PM7 Wet with PM10 Wet (r = 0.9831) and PM7 Dry with PM10 Dry (r = 0.9796), confirming shared emission sources. Overall, bacterial aerosols respond more positively to particulate matter than fungal aerosols, with the strongest microbial–particle coupling occurring under dry conditions.
Table 1:	Correlation Between Microbiological Loads and Particulate Matter inPort Harcourt Local Government Area
	 
	Bacterial_Load_Dry
	Fungal_Load_Dry
	Bacterial_Load_Wet
	Fungal_Load_Wet
	PM1 Wet
	PM1 Dry
	PM2.5 Wet
	PM2.5 Dry

	Bacterial_Load_Dry
	1
	
	
	
	
	
	
	

	Fungal_Load_Dry
	-0.3508543
	1
	
	
	
	
	
	

	Bacterial_Load_Wet
	0.8151334
	-0.3348955
	1
	
	
	
	
	

	Fungal_Load_Wet
	-0.4198553
	0.9716987
	-0.4169085
	1
	
	
	
	

	PM1 Wet
	0.5286681
	-0.2950766
	0.0549172
	-0.3265702
	1
	
	
	

	PM1 Dry
	0.3090033
	-0.0599559
	-0.0174122
	-0.0805848
	0.8457146
	1
	
	

	PM2.5 Wet
	0.2361732
	-0.0343677
	0.4429887
	-0.0417409
	-0.4198917
	-0.6122011
	1
	

	PM2.5 Dry
	0.1432584
	0.1084862
	-0.1682383
	0.1533768
	0.6501398
	0.8899102
	-0.4496519
	1

	PM4 Wet
	0.303493
	0.3389862
	0.3955949
	0.2753076
	-0.2984277
	-0.4939082
	0.8345844
	-0.3851402

	PM4 Dry
	0.0883668
	0.6486798
	-0.1598612
	0.604647
	0.3254061
	0.3723506
	-0.2502143
	0.3882101

	PM7 Wet
	0.1948083
	-0.1013616
	0.423774
	-0.1082559
	-0.4364483
	-0.5475206
	0.9527723
	-0.3315336

	PM7 Dry
	0.080025
	0.700736
	-0.1486095
	0.6264705
	0.2590224
	0.2494248
	-0.160339
	0.2289671

	PM10 Wet
	0.175095
	-0.102112
	0.448358
	-0.1133802
	-0.4368181
	-0.472914
	0.9174577
	-0.2589278

	PM10 Dry
	0.0664019
	0.7147438
	-0.1192689
	0.6222562
	0.1614799
	0.1201709
	0.0036235
	0.12141

	
	
	
	
	
	
	
	
	

	 
	PM4 Wet
	PM4 Dry
	PM7 Wet
	PM7 Dry
	PM10 Wet
	PM10 Dry
	
	

	Bacterial_Load_Dry
	
	
	
	
	
	
	

	Fungal_Load_Dry
	
	
	
	
	
	
	

	Bacterial_Load_Wet
	
	
	
	
	
	
	

	Fungal_Load_Wet
	
	
	
	
	
	
	

	PM1 Wet
	
	
	
	
	
	
	
	

	PM1 Dry
	
	
	
	
	
	
	
	

	PM2.5 Wet
	
	
	
	
	
	
	
	

	PM2.5 Dry
	
	
	
	
	
	
	
	

	PM4 Wet
	1
	
	
	
	
	
	
	

	PM4 Dry
	0.2769014
	1
	
	
	
	
	
	

	PM7 Wet
	0.7360538
	-0.307564
	1
	
	
	
	
	

	PM7 Dry
	0.3873225
	0.9739666
	-0.2575211
	1
	
	
	
	

	PM10 Wet
	0.6582143
	-0.3684655
	0.9831421
	-0.3277686
	1
	
	
	

	PM10 Dry
	0.5305086
	0.92498
	-0.0904535
	0.9795695
	-0.1666246
	1
	
	



Regression Between Bacteria and Particulate Matter (PM)

The regression analysis between airborne bacteria and particulate matter fractions (PM1, PM2.5, PM4, PM7, and PM10) in schools in Port Harcourt revealed generally weak relationships. Bacteria showed a positive association with PM1 (slope = 1549.17) and PM2.5 (slope = 991.49), but the low coefficients of determination (R² = 0.088 and 0.104, respectively) indicate limited explanatory power. Similarly, PM4, PM7, and PM10 exhibited very weak positive relationships (R² = 0.010, 0.006, and 0.015), suggesting negligible influence on bacterial concentrations. All p-values for these models (p > 0.39) indicate that the relationships are not statistically significant. The weak positive slopes suggest that increases in particulate matter may slightly elevate bacterial counts, but the effect is inconsistent. Overall, particulate matter does not appear to be a strong predictor of airborne bacterial levels in the studied school environments.
Regression Between Fungiand Particulate Matter (PM)

The regression analysis between fungi and particulate matter revealed stronger relationships compared to bacteria. PM4 and PM7 showed moderate positive associations with fungi (slopes = 83.55 and 46.02) and relatively high R² values (0.427 and 0.456, respectively). Notably, PM7demonstrated a statistically significant relationship (p = 0.046), indicating its influence on fungal concentrations. PM10 also showed a moderate positive relationship (R² = 0.392), though not statistically significant (p = 0.071). In contrast, PM1 showed a weak negative relationship (slope = -184.40, R² = 0.031). These results suggest that coarse particulate fractions may play a more important role in fungal dispersion than finer particles.
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Fig. 1.	Regression between Bacteria Load and PM1
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Fig. 2.	Regression between Bacteria Load and PM2.5
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Fig. 3.	 Regression Between Bacteria Load and PM4
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Fig.4.	Regression between Bacteria Load and PM7
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Fig. 5.	Regression between Bacteria Load and PM10
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Fig. 6.	Regression between FungiLoad and PM1
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Fig. 7.	Regression between FungiLoad and PM2.5
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Fig. 8.	Regression between FungiLoad and PM4
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Fig. 9.	Regression between FungiLoad and PM7
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Fig. 10. Regression between FungiLoad and PM10
The findings from this present study in Port Harcourt reveal a complex and size-dependent interaction between particulate matter (PM) and airborne microbial loads, which both align with and contrast existing global evidence. The correlation analysis showed that bacterial loads exhibited moderate positive relationships with fine particles, particularly PM1 Wet (r = 0.5287) and PM1 Dry (r = 0.3090), as well as PM2.5 Wet (r = 0.4430) and PM7 Wet (r = 0.4238). These results indicate that finer particles contribute to bacterial transport, especially under wet conditions. This pattern aligns with findings from Mashhad, Iran, where Ziaei et al. (2025) reported a very strong positive correlation between bacteria and PM2.5 (r = 0.9184), and with Graz, Austria, where Haas et al. (2013) observed that mesophilic bacteria were positively correlated with all particle counts. Similarly, in a dental clinic study in Iran, Mirhoseini et al. (2021) found “good” positive correlations between bacteria and PM1, PM2.5 and PM10, suggesting that particulate matter can serve as a proxy for bacterial presence. However, despite these positive correlations in the present study, regression results showed very weak predictive relationships, with low coefficients of determination such as R² = 0.088 for PM1 and R² = 0.104 for PM2.5, and non-significant p-values (p > 0.39). This contrasts with stronger predictive relationships reported in some global studies and suggests that, in Port Harcourt schools, particulate matter alone does not strongly control bacterial concentrations.
This weak regression outcome is consistent with findings from Chania, Greece, where Raisi et al. (2013) reported generally weak correlations between microbial loads and PM (R² < 0.3), with even negative trends observed in some cases. Similarly, in ICUs in Lebanon, AlRayess et al. (2022) found no statistically significant relationship between bacterial load and PM2.5 or PM10, emphasizing that other factors such as occupancy and human activity were stronger predictors (model R² = 0.77). The present study therefore aligns with these findings by demonstrating that although bacteria may increase slightly with PM, the relationship is weak and inconsistent, indicating that environmental and human factors likely play a more dominant role in determining bacterial aerosol levels in classrooms.
In contrast to bacteria, fungal loads in the present study showed stronger and more distinct relationships with particulate matter, particularly under dry conditions. Fungal-Load-Dry exhibited strong positive correlations with PM4 Dry (r = 0.6487) and PM7 Dry (r = 0.7007), while regression analysis further confirmed moderate predictive relationships with PM4 (R² = 0.427) and PM7 (R² = 0.456), with PM7 showing statistical significance (p = 0.046). These results indicate that mid-sized and coarse particles play a significant role in fungal dispersion. This finding strongly aligns with results from Jeddah, Saudi Arabia, where Alghamdi et al. (2014) reported a significant correlation between microbial loads and PM10 (r = 0.57, P ≤ 0.05), and with construction-site studies in Austria by Haas et al. (2025), where coarse particles were positively associated with fungal genera such as Cladosporium. Additionally, in Beijing, China, Yan et al. (2016) found that fungal community composition was significantly influenced by PM10 (p < 0.01), further supporting the importance of coarse particles in fungal ecology.
However, the present study also revealed contrasting behaviour for fungi in the wet season, where Fungal_Load_Wet showed negative correlations with PM1 Wet (r = –0.3266) and PM2.5 Wet (r = –0.0417). This suggests that finer particles may inhibit fungal survival or dispersion under humid conditions. This observation aligns with findings from Chania, Greece, where Raisi et al. (2013) reported that both bacteria and fungi decreased with increasing PM mass, and that fungal relationships with fine particles were often weak or negative. Similarly, global meta-analysis evidence from Hiwar et al. (2021) indicated that fungal associations with indoor air quality parameters are generally weak and inconsistent compared to bacteria. These parallels reinforce the idea that fungal aerosols are more sensitive to environmental conditions and particle size distribution than bacterial aerosols.
Another important similarity between the present study and global findings is the strong internal correlation among PM fractions. The extremely high correlations observed between PM7 Wet and PM10 Wet (r = 0.9831) and between PM7 Dry and PM10 Dry (r = 0.9796) indicate shared emission sources and similar atmospheric behaviour. This is consistent with observations from Mediterranean environments reported by Raisi et al. (2013), where strong relationships among PM size fractions were also documented. Such strong inter-PM relationships suggest that variations in particle size classes are often driven by common sources such as dust resuspension, combustion processes, and traffic emissions.
Overall, the present study both aligns with and diverges from global evidence. It aligns in showing that bacteria generally have positive but weak relationships with particulate matter, while fungi exhibit stronger associations with coarse particles. It also supports the widely reported variability and context-dependence of PM–microbe interactions. However, it contrasts with studies reporting very strong bacterial–PM correlations (e.g. r = 0.9184 in Mashhad) by demonstrating weak and non-significant regression relationships in a school environment. This suggests that in Port Harcourt classrooms, microbial dynamics are influenced by a combination of particulate matter, environmental conditions, and human activity, rather than PM alone.

CONCLUSION
This study revealed that particulate matter has a limited influence on airborne bacterial load but a more pronounced effect on fungal distribution, particularly through coarse particles (PM₄ and PM₇). Seasonal variation influenced these relationships, with stronger associations observed during the dry season.
The weak association between PM and bacteria suggests that indoor factors such as ventilation and occupancy may be more important determinants. In contrast, fungal dispersion is significantly influenced by particulate matter.
These findings underscore the need for improved indoor air quality management in schools, including better ventilation and pollution control. Integrated monitoring of particulate and microbial pollutants is recommended to reduce potential health risks among school children.
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