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Staphylococcus aureus is a primary cause of many infections in humans, and its rising prevalence and
drug resistance are serious public health concerns. While there is evidence that climate change can
influence the distribution and abundance of microbial species, the precise effects on S. aureus are not
well characterized. The purpose of this study is to predict the potential influence of climate change
on the global distribution of Staphylococcus aureus in 2050 and 2070 using GIS and Maxent modeling.
S. aureus occurrence data was acquired from global databases and coupled with bioclimatic variables
to simulate current and future habitat suitability under several climate change scenarios (RCP 2.6
and 8.5). The Maxent modeling approach was used to forecast geographical patterns of S. aureus
distribution, providing insights into locations that may see increased prevalence of this essential
species as a result of climate change. The study’s findings can be used to inform public health measures
and focused surveillance activities aimed at reducing the burden of Staphylococcus aureus infection.
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Many human infections, such as those affecting the skin and soft tissues, pneumonia, bacteremia, and
endocarditis, are caused by the Gram-positive, coagulase-positive bacterium Staphylococcus aureus™*. Up to
30% of the population usually has this commensal bacterium on their skin and in their nasal passages®. A
variety of illnesses, especially in those with weakened immune systems, can be caused by S. aureus when it acts
as an opportunistic pathogen®. Staphylococcus aureus’s alarmingly high disease burden and prevalence rates
warrant serious attention. There is substantial evidence that its antimicrobial resistance is on the rise, and experts
project that it will be responsible for 10 million fatalities by the year 2050. It may be challenging to eradicate
Staphylococcus aureus in clinical settings, and it is a leading cause of infections of the skin and soft tissues,
surgical wounds, and bloodstreams?.

Due to their inability to be effectively treated by currently available antibiotics, antibiotic-resistant
Staphylococcus aureus strains like methicillin-resistant Staphylococcus aureus (MRSA) have emerged as a major
public health concern®S. When it comes to designing methods to lessen the impact of S. aureus on human
health, knowing what factors affect its distribution and prevalence is essential. Instances of community-acquired
Staphylococcus aureus infection are known to spike during periods of high rainfall in East Malaysia, according to
certain empirical research’. Despite strong empirical evidence linking climate change to shifts in the prevalence
of Staphylococcus aureus infections, the exact mechanisms by which these shifts take place are still largely
unknown. The prevalence of Staphylococcus aureus exhibits significant variability among diverse demographics
and geographical areas. About 30% of the human population is asymptomatically colonized by S. aureus, mostly
in the nasal cavity, presenting a risk for subsequent infections, particularly in susceptible populations such
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as surgery patients and individuals with weakened immune systems®. The incidence of MRSA in community
settings is increasing, with some studies suggesting that in certain regions, up to 50% of S. aureus isolates may
be MRSA®. The incidence of Staphylococcus aureus bacteremia varies from 10 to 30 instances per 100,000
person-years in industrialized regions, with notable discrepancies observed in nonindustrialized areas'. The
rising incidence of antibiotic-resistant strains and the related healthcare difficulties highlight the necessity for
improved surveillance, efficient infection control strategies, and responsible antibiotic stewardship to alleviate
the effects of Staphylococcus aureus infections.So, we're going to make the case that, in a climate-changed world,
we need to know how this phenomenon could affect the spread of particular diseases if we want to see long-term
improvements in health care.

Many microbial species, including infectious diseases, may see shifts in distribution and frequency as a result
of climate change”®. Various microorganisms may see changes to their distribution and abundance as a result
of changes in their optimal habitats brought about by changes in temperature, precipitation patterns, and other
environmental variables*!°. The dynamics of microbial communities can be further impacted by human behavior
changes brought about by climate change, such as population shifts and changes in agricultural methods!"!2.

Staphylococcus aureus infections are influenced by various environmental and climatic conditions that affect
their epidemiology, distribution, and abundance. Warmer temperatures can enhance the growth and survival of
Staphylococcus aureus, particularly in urban environments where heat islands are prevalent, leading to increased
transmission rates in densely populated areas'. Elevated humidity levels contribute to the persistence of the
bacteria in the environment, facilitating their survival on surfaces and in the air, which increases the likelihood
of infection transmission’. Additionally, the prevalence of Staphylococcus aureus infections often varies with the
seasons; certain strains may become more common during warmer months when outdoor activities increase
the risk of skin injuries, serving as entry points for the bacteria’. Socio-economic factors also play a significant
role, as environmental conditions interact with issues like overcrowding and access to healthcare. Areas with
limited healthcare resources may experience higher rates of infections, particularly in populations living in close
quarters where transmission is more likely. Furthermore, climate change and extreme weather events, such as
floods and heat waves, can disrupt sanitation and healthcare infrastructure, creating conditions favorable for
bacterial proliferation. Understanding these multifaceted interactions is crucial for developing effective public
health strategies to mitigate the impact of Staphylococcus aureus infections'.

Some of the most useful tools for assessing how climate change can affect the distribution of different species,
including microbes, are Geographical Information Systems (GIS) and species distribution modeling approaches
like MaxEnt. Several previous studies were using GIS to evaluate the status of pathogenic and nonpathogenic
microorganisms. The effectiveness of this method is the clear prediction of how these species distribution will be
in the near and far future!>!“. These methods can be used to find places where the S. aureus infection is likely to
be more common, which in turn can guide public health initiatives and specific monitoring programs.

This study sets out to do just that by examining how several climate change scenarios could affect the
distribution and prevalence of Staphylococcus aureus in the years 2050 and 2070. This effort will utilize GIS and
MaxEnt modeling to shed light on the temporal and spatial patterns of S. aureus spread. This knowledge can help
in devising ways to reduce the public health hazards linked to this significant pathogen.

Results
Model assessment and contribution of environmental variables
The MaxEnt model employed to forecast the appropriateness of habitats for Staphylococcus aureus exhibited
exceptional performance, as seen by the elevated Area Under the Curve (AUC) value of 0.91 (Fig. 1a) and the
Total Seasonal Score (TSS) of 0.71. These measures validate the model’s exceptional accuracy in capturing the
environmental interactions of the species.

The Jackknife test was performed to evaluate the impact of the five most relevant bioclimatic factors. The
findings indicated that biol, representing the Annual Mean Temperature, had the highest level of significance,
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Fig. 1. (a) the Area under the Curve graph showing the value of 0.91 which indicates the accuracy of the
model; (b) the response curve of Annual mean temperature bio_1.
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accounting for 58.6% of the contribution. This was followed by biol7, representing the Precipitation of the
Driest Quarter with 26, then bioll, representing the Mean Temperature of the Warmest Quarter, contributed
6.5%. bio 6, which represents the Minimum Temperature of the Coldest Month and biol4, representing the
Precipitation of the Driest Month, contributed 4.8%. and 4.1% respectively, which made a smaller but still
noteworthy contribution.

The response curves (Fig. 1b) also indicated that the optimal temperature range for Staphylococcus aureus
is between two different ranges around 10 °C and around 30 °C which may represent situation in winter and
summer. This corresponds with the discovery that the Annual Mean Temperature (biol) is the most significant
factor in determining the suitability of the pathogen’s habitat. The knowledge gained from analyzing the main
factors influencing the environment and the specific environmental conditions preferred by Staphylococcus
aureus is crucial for comprehending the possible spread and occurrence of this bacterium under various climate
change scenarios.

Current situation of Staphylococcus aureus distribution based on climatological Maxent
modeling

The model developed illustrates the present worldwide distribution and the suitability of habitats for
Staphylococcus aureus (Fig. 2), a prevalent and consequential bacterial disease. Extensive areas worldwide,
especially in the middle Amazon basin, central Africa, and parts of middle Asia, are classified as having limited
potential for the spread of this bacteria. On the other hand, a considerable part of the globe, which includes a
large portion of North America, Europe, and East Asia, is categorized as having moderate suitability. In these
regions, the environmental conditions and resources are likely suitable for the survival and growth of the subject,
but they may not be the most ideal areas for its widespread distribution.

Regions exhibiting significant appropriateness for Staphylococcus aureus are rather restricted, encompassing
portions of the eastern United States, western Europe, the Middle East, and certain areas of Southeast Asia. These
regions are most likely to provide the optimal conditions for the bacterium to flourish. A limited number of
locations, mainly in the southern United States, the United Kingdom, and parts of the Middle East, are classified
as having exceptional suitability, offering the ideal combination of factors required for the bacterium to achieve
its utmost capacity for growth and dispersion. The comprehensive categorizations depicted in the map indicate
that Staphylococcus aureus is widely distributed worldwide, with notable variations in its adaptability across
different places. This knowledge can contribute to public health initiatives, focused surveillance, and proactive
steps to mitigate the potential hazards and consequences of this significant bacterial pathogen.

Future situation of Staphylococcus aureus distribution based on climatological change
scenario

The provided models present a thorough depiction of the anticipated alterations in the worldwide habitat
suitability for Staphylococcus aureus under several climate change scenarios, as simulated by the MRI-CGCM3
General Circulation Model.

The maps labeled Fig. 3a,b depict the anticipated suitable conditions for the year 2050, based on the RCP
2.6 and RCP 8.5 scenarios, respectively. According to the RCP 2.6 scenario (a), there is an increase in the
appropriateness of certain locations, mainly in North America, Europe, and Asia, with a higher likelihood of
being suitable or extremely suitable. Nevertheless, the general worldwide distribution pattern remains rather

Fig. 2. Current distribution model of Staphylococcus aureus.
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Fig. 3. Future distribution model of Staphylococcus aureus: (a) 2050 at RCP 2.6; (b) 2050 at RCP 8.5; (c) 2070
at RCP 2.6 and (d) 2070 at RCP 8.5.

consistent with the present circumstances, albeit with little increases in appropriateness observed in different
locations.

On the other hand, the RCP 8.5 scenario (b), which depicts a more severe trajectory of greenhouse gas
emissions, demonstrates a more noticeable change in the worldwide suitable landscape by 2050. Extensive regions
in North America, Europe, and Asia are currently categorized as having a high or very high appropriateness for
Staphylococcus aureus. Furthermore, there has been an observable increase in the regions that exhibit exceptional
adaptability, particularly in the southern United States and certain areas in the Middle East.

Looking ahead to the forecasts for 2070, the lower maps, Fig. 3c,d, show the possible suitable conditions
based on the RCP 2.6 and RCP 8.5 scenarios, respectively. According to the RCP 2.6 scenario (c), there is a
continued increase in the number of sites globally that are highly suitable or very highly suitable for certain
purposes. In particular, regions like North America and Europe are seeing outstanding levels of appropriateness.
Nevertheless, the RCP 8.5 scenario (d) for 2070 depicts a substantially modified landscape, characterized by
a more extensive and noticeable rise in adaptability worldwide. Extensive areas in North America, Europe,
Asia, and certain parts of Africa are now classified as having high, very high, or exceptional appropriateness
for the growth and spread of Staphylococcus aureus due to significant changes in habitat range and favorable
environmental circumstances.

These projections emphasize the need to take into account the possible effects of climate change on the spread
and occurrence of this important bacterial pathogen. The global patterns of suitability are expected to change
significantly in the next few decades, especially under the more extreme emissions scenario.

The calibration maps illustrate regions of both “Gain” and “Loss” in the appropriateness for the bacterium
(Fig. 4). The red shaded zones represent places where the appropriateness for Staphylococcus aureus is projected
to rise, potentially resulting in an extension of its habitat and dispersion. In contrast, the blue-colored patches
indicate locations where the appropriateness is projected to decline, leading to a reduction in suitable habitat
for the pathogen. These subsequent forecasts emphasize additional changes in the worldwide distribution,
with more prominent locations experiencing both increased and decreased suitability, as well as regions where
suitability is anticipated to remain largely stable, as denoted by the yellow coloring.

The calibration maps serve as a great tool for comprehending the possible effects of climate change on the
occurrence and spread of Staphylococcus aureus, a major public health issue. The precise spatial data can provide
valuable insights for focused surveillance, evaluation of potential risks, and the formulation of measures to
counteract the projected variations in the bacterium’s habitat appropriateness across various global locations.

Two dimensional niche analysis

The scatter plot of two-dimensional niche analysis (Fig. 5) provides vital insights regarding the pathogen’s
habitat range and environmental preferences. The data points demonstrate that the pathogen has a remarkably
wide range of tolerance for yearly mean temperatures, ranging from approximately —2 °C to over 30 °C. This
indicates that the pathogen possesses a high degree of adaptability and is capable of flourishing in a wide range
of thermal conditions. Moreover, the data points are distributed across a broad spectrum of precipitation levels,
suggesting that this bacterium is capable of thriving in both humid and arid conditions. This is consistent with
the assertion that the disease has a “cosmopolitan distribution” and is capable of thriving in both arid, hot
regions and damp, chilly conditions. The data points are distributed in a scattered manner, encompassing a wide
range of temperature and precipitation levels. This demonstrates that the pathogen is capable of occupying many
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Fig. 4. Calibration maps for the impact of climate change on Staphylococcus aureus distribution: (a) 2050 at
RCP 2.6; (b) 2050 at RCP 8.5; (c) 2070 at RCP 2.6 and (d) 2070 at RCP 8.5.

ecosystems. The pathogen’s ecological flexibility is a significant factor in its global dispersion and capacity to
adapt to different environmental settings.

The large range of ecological niches that the pathogen can exploit, as found in this investigation, indicates its
great environmental tolerance. This adaptability may contribute to its effective establishment and proliferation
in various places worldwide. Overall, the dimensional niche analysis emphasizes the impressive ability and wide
range of habitats that this disease can adapt to, indicating its capacity to flourish in different climate conditions
and geographic areas. This is presumably the reason for its reported widespread dispersion.

Discussion

This study’s findings offer valuable insights into how climate change could potentially affect the worldwide
distribution and frequency of Staphylococcus aureus. The MaxEnt models used in this analysis indicate that
the appropriate habitat for any biological entity is expected to increase or decrease in the future under both
moderate (RCP 2.6) and high (RCP 8.5) emission scenarios!.

The present distribution pattern suggests that S. aureus is extensively spread around the world, with
significant prevalence in densely populated areas, such as some regions in North America, Europe, and Asia.
This is consistent with the established ecological role of S. aureus as a prevalent bacteria that lives harmoniously
on the skin and mucous membranes of a substantial number of people!®.

According to the future estimates based on the RCP 2.6 and RCP 8.5 scenarios, the habitat that is favorable for
S. aureus is expected to grow by 2050 and continue expanding by 2070. The locations seeing the most significant
growth in habitat appropriateness are situated in higher latitudes, specifically in northern North America,
northern Europe, and northern Asia. Climate change is expected to cause higher temperatures and increased
precipitation in these locations, perhaps leading to more favorable conditions for the spread of S. aureus.

The proliferation of favorable habitat for S. aureus is worrisome, since it may result in heightened disease
prevalence and burden in these areas. Staphylococcus aureus is a prominent culprit behind a range of infections,
such as skin and soft tissue infections, pneumonia, bacteremia, and endocarditis. The expansion of favorable
habitat can promote the dissemination of both drug-sensitive and drug-resistant strains of S. aureus, including
methicillin-resistant S. aureus (MRSA), which presents substantial public health concerns'’.

The projected rise in S. aureus habitat suitability seems to be primarily influenced by the anticipated alterations
in temperature and precipitation patterns. The MaxEnt models indicated that bio_1, bio_6, bio_11, bio_14 and
bio_17 affect the distribution of S. aureus. These variables are anticipated to see substantial modifications in the
climate change scenarios, perhaps leading to more favorable conditions for the spread of this bacterium.This is
combatable with several previous habitat suitability publications which deal with future prediction!$-%.

Other factors, such as alterations in human behavior and activities, can also impact the expansion of suitable
habitat for S. aureus?!. Instances such as population migrations, urbanization, and changes in farming methods
can all impact the dynamics of microbial communities, including the spread and occurrence of S. aureus?.

The results of this research are consistent with the effects that climate change has been shown to have on the
distribution and abundance of other microbial species, including the opportunistic fungal disease Aspergillus
fumigatus, commonly referred to as black mold. Like S. aureus, research indicates that A. fumigatus’s suitable
habitat is expected to grow as a result of climate change, especially in areas with higher temperatures and more
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Fig. 5. The two-dimensional niche between Annual Temperature (bio 1) and Annual Precipitation (bio 12) for
Staphylococcus aureus.

precipitation?*. This implies that changes in the climate could affect the distribution and quantity of different
microbes, both harmful and non-pathogenic.

As a limitation of the current study, future studies should take into account the socioeconomic and
behavioral characteristics to gain a more thorough knowledge of the intricate interplay between climate change,
environmental factors, and the epidemiology of S. aureus. The thing that can not done on a global scale with
absence of future data for populations, epidemiology and socioeconomic impact. The findings of this study
can be used to establish targeted strategies to reduce the possible public health problems connected with the
spread of Staphylococcus aureus. These tactics could include: Improving monitoring and early warning systems.
The identification of areas at higher risk of rising S. aureus prevalence can help guide the adoption of improved
surveillance and monitoring measures. This can help to spot outbreaks earlier and conduct interventions
more quickly?%; Strengthening antimicrobial stewardship programs: Given the growing problem of antibiotic
resistance, it is critical to strengthen antimicrobial stewardship programs in healthcare and the community.
This can help to maintain the efficacy of current antimicrobial therapies and slow the spread of drug-resistant
S. aureus strains®.

Finally, the findings of this study underscore the need for continued research on the complex interactions
between climate change, microbial ecology, and public health. Exploring the impacts of climate change on a
wider range of microorganisms, as well as the potential synergistic effects, can inform more comprehensive
strategies to address the challenges posed by infectious diseases in a changing climate.

Conclusion

Staphylococcus aureus is a leading cause of various infections in humans, and the increasing prevalence and
antibiotic resistance of this bacterium is a major public health concern. While there is evidence that climate
change can influence the distribution and prevalence of microbial species, the specific impacts on S. aureus
remain poorly understood. This study aims to analyze the potential impact of climate change on the global
distribution of Staphylococcus aureus in 2050 and 2070 using GIS and MaxEnt modeling. Occurrence data for
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Fig. 6. The occurrence records derived from the final dataset used for modeling the habitat suitability of
Staphylococcus aureus.

S. aureus was obtained from global databases and combined with bioclimatic variables to model the current
and future habitat suitability under different climate change scenarios (RCP 2.6 and RCP 8.5). The MaxEnt
modeling approach was used to predict the spatial patterns of S. aureus distribution, providing insights into areas
potentially at risk of increased prevalence of this important pathogen as a result of climate change.

The findings of this study demonstrate that climate change is likely to significantly impact the global
distribution of Staphylococcus aureus, with potential increases in habitat suitability in certain regions by 2050 and
2070. These projections can inform public health interventions and targeted surveillance efforts to mitigate the
impact of S. aureus infections. As climate change continues to shape the environmental conditions worldwide,
understanding the ecological factors driving the distribution of this opportunistic pathogen is crucial for
developing effective strategies to combat its spread and the associated public health risks.

Material and methods

Occurrence data

The Global Biodiversity Information Facility database (www.gbif.org) provided the records for Staphylococcus
aureus®®. 11,186 occurrence points were first collected in order to model this bacterium distribution. Three
primary procedures were used to filter the data. First, remove points lacking latitudes and longitudes; next,
remove duplicate records; and finally, use ArcGIS v. 10.3 (SDM toolbox: SDM tools; Universal tools—Spatially
rarefy occurrence data) to perform spatial rarefaction based on a 50 km distance?’. To simulate the possible
distribution of S. aureus in the future, 1,053 unique sites were converted to CSV format (Fig. 6). Around the
world, the bacterium is mostly found in areas with dense populations of people?.

Environmental data

A total of nineteen bioclimatic variables, which include temperature and precipitation data, were acquired from
the WorldClim database (www.worldclim.org). The variables possess a spatial resolution of 2.5 arc-minutes
(equivalent to 5 square kilometres) and encompass monthly climatic data from the years 1950 to 2000, which
were gathered by forecast stations.

In the current prediction model, bioclimatic variables 8-9 and 18-19 were not included since their resolution
was affected by spatial inconsistencies?*>°. The remaining fifteen variables were transformed into ASCII format
using ArcGIS v. 10.3. In order to exclude any association between variables, Pearson’s correlation coefficient was
employed, with a threshold of r2 > |0.8|. In addition, the SDM toolbox feature in ArcGIS v. 10.3 was utilized
to decrease multicollinearity. This universal tool allowed for the exploration of climate data and the removal of
highly correlated variables’.. Five bioclimatic factors of utmost importance were chosen for further analysis.

The future prediction model obtained a specific set of variables from the WorldClim database for the time
periods 2050 and 2070, based on representative concentration pathways (RCPs) 2.6 and 8.5. RCPs are estimates
of radiative forcing components that are used as input for climate models. RCP 2.6 represents the scenario with
the lowest emissions, while RCP 8.5 represents the scenario with the highest emissions®2. The layers were utilised
in the subsequent model after being converted to ASCII format using ArcGIS v. 10.3.
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Modeling approach

The current and future distribution of Staphylococcus aureus was simulated using the MaxEnt software package
v. 3.4.1%%. MaxEnt predicts the presence of a species by merging occurrence records with background data
from environmental variables in the study area®*3. The places are ranked based on their similarity to present
conditions, ranging from 0 (unsuitable) to 1 (suitable)**. The MaxEnt algorithm has shown effective in accurately
predicting the potential geographic range of many bacterial species that are of significance in the fields of
medicine and economics, both at local and global scales®.

The occurrence records were partitioned into two sets, with 75% of the data allocated for training the MaxEnt
models and the remaining 25% for testing. This division enabled us to analyze the model’s performance on
separate data and assess its predictive capability. A frequently used method in ecological modelling research is to
adopt a split of 75% for one option and 25% for another?. The iteration count was set to 500, which corresponds
to the number of times the MaxEnt method modifies model parameters in order to maximize the chance of
occurrence data, given the environmental factors. Choosing the right number of iterations is essential for ensuring
that the model reaches convergence and stability®>. The background points were set to 10,000, representing the
environmental conditions in the research region. Background points are randomly generated pseudo-absences
that are utilized to establish the range of environmental circumstances that the species can inhabit*. To achieve a
comprehensive coverage of the study area while still being computationally feasible, a total of 10,000 background
points were selected?’. In order to enhance the performance of the model, we employed a technique called 10-
fold cross-validation?”. This method involves dividing the data into various subsets, training the model on one
subset, and evaluating its performance on the remaining data. Through iterative execution of this procedure, we
derived an approximation of the model’s performance on various subsets of data*’. Using ArcGIS version 10.3,
regions were categorized into five groups according to their habitat suitability: inappropriate, low, medium, high,
and extremely high®*’. This categorization enabled us to comprehend and convey the results of the model in a
significant and readily comprehensible way.

Model assessment

The models that were produced were assessed for performance using the True Skill Statistics (TSS) and the Area
Under the Curve (AUC) of the Receiver Operating Characteristics (ROCs)**%*. To evaluate the overall model fit,
the AUC values were employed. AUC values were classified as having a poor fit if they were less than 0.5 and as
having a good fit if they were higher than 0.75%!.

To offer a more thorough evaluation of model accuracy, the TSS was also computed. TSS values vary from
-1 to +1, with values close to 0 indicating a poor relationship and values close to 1 indicating a strong link
between the model and the distribution (Hosni et al. 2022). By accounting for both commission and omission
mistakes, the TSS measure offers a more impartial assessment of the prediction performance of the model. We
were able to get a strong assessment of the model’s capacity to precisely forecast the present and prospective
future distribution of Staphylococcus aureus by utilizing both the AUC and TSS measures.

Two-dimensional niche

We used Diva-GIS software to examine the two-dimensional niche of Staphylococcus aureus. Two important
environmental variables—annual mean temperature (bio_1) and yearly precipitation (bio_12)—were the focus
of the Envelope test?”. We were able to evaluate the variables’ range and suitability for the species through this
test™.

Data availability
All the data are included in the manuscript.
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