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SUMMARY

Air pollution is one of the world’s most substantial environmental problems. Air pollution is more severe in ur-
banenvironments.Besideshumans,otheranimalsalso inhabit cities.Despite thesignificant impactof airpollu-
tion on health, there is limited research on its effects on wildlife in general and specifically on bats, which are
common in cities. Egyptian fruit bats dwell in both rural and urban environments.Weassessed the exposure to
particulatematter (PM)2.5 pollution and compared it to blood hemoglobin (HGB) levels in fruit bat populations
roosting at different degrees of urbanization.We founda significant negative correlation betweenPM2.5 expo-
sure andHGB levels. Bats that roost and forage in highly urban-polluted areas exhibited lowHGB levels. This is
a first attempt to examine the effect of urbanization-related pollution on bat health, revealing a negative corre-
lation between air pollution and HGB levels that might detrimentally affect bats’ health in the long run.

INTRODUCTION

Air pollution poses a significant threat to living beings, including

humans. In highly polluted countries in Asia, the accumulated

damage from air pollution results in a substantial increase in

premature death.1 Moreover, due to the rapid increase in ur-

banization, air pollution is on the rise in large parts of the world

(mostly in developing countries) although some western coun-

tries are experiencing a decline. Notably, most of the human

population lives in places where air pollution is higher than

the guidelines of the World Health Organization.2–4 The primary

source of air pollution is burning fossil fuels, and the major air

pollutants include ozone, carbon monoxide, nitrogen dioxide,

sulfur dioxide, and particulate matter (PM). PM is a generic

term used to describe air pollutants of various sizes and com-

positions of particles suspended in the air, and it is considered

one of the most dangerous types of air pollutants, with signifi-

cant harmful effects on health.5–7 These particles can be solid

or liquid and include dust, dirt, soot, smoke, or liquid droplets.

Their composition includes elemental carbon, organic carbon,

sulfate, nitrate, ammonium, and various geological materials

(oxides of different metals). PM is commonly divided into two

main categories based on particle diameter: PM2.5 and

PM10, representing diameters smaller than 2.5 and 10 mm,

respectively. Generally speaking, larger particles (greater than

2.5 mm) are generated mainly through natural processes like

erosion, while smaller ones are produced from artificial com-

bustion processes. PM is a key indicator used to assess air

quality, and it is the primary pollutant used to evaluate the

health impact of air pollution on humans.8–10

Exposure to air pollution can lead to damage to multiple

biological systems including the nervous, respiratory, and car-

diovascular systems. In the respiratory system, exposure to

pollutants can lead, for example, to nose and throat irritation,

bronchoconstriction, dyspnea, lung inflammation, asthma,

emphysema, and lung cancer.7,11

The health effects of PM pollution depend on parameters such

as the duration of exposure, the quantity of matter entering the

body, and the composition and size of the particles. The size

of the particles determines how deeply they penetrate the

body, with PM10 particles primarily reaching the upper respira-

tory system and fine particles able to penetrate deeper into the

lung alveoli (air sacs). Smaller particles also remain in the body

for longer periods, making them more hazardous.7,12

Research on PMas amajor pollutant with significant health im-

pacts is indeed extensive in humans. Estimates have indicated

that even short-term exposure to PM is associated with an in-

crease in all-cause mortality. For example, a comprehensive

study including data from 24 countries and 652 cities found

that an increase of 10-mg-per-cubic-meter in PM10 concentra-

tion is linked to a significant 0.44% global increase in all-cause

mortality, while the increase is 0.68% for PM2.5.13

Moreover, studies have identified a negative correlation be-

tweenPMconcentrationandbloodhemoglobin (HGB) levels inhu-

mans.2,14 Although the exact mechanism is not entirely clear, it is

suggested that PM that penetrates the blood system disrupts

heme synthesis, which is necessary for the formation of the

HGB molecule. Some research has shown that PM pollution can

also lead to a decrease in HGB-related indices, such as MCH

(mean corpuscular hemoglobin) and MCHC (mean corpuscular
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hemoglobin concentration). These effects can persist for various

durations, ranging from one day to several years.15–17 Low levels

of HGB are a major cause of anemia and can increase mortality

in individuals with conditions such as cancer or myocardial

infarction.18,19

The urban environment, which continues to growworldwide, al-

ters resource availability, land use, and community composition,

causing negative influences on animals’ health.20 Despite its po-

tential harm, there have not been many studies examining the

effect of air pollution on animals. The few studies that have been

conducted focused on using animals to monitor pollutants, a

method known as ‘‘animal sentinel systems’’,21,22 or on examining

the effects of pollution on animal health to better understand the

implications for human health.8,23 Some of these studies found

that long-term and short-term exposure to air pollution in animals

damage the nervous system and lungs, causing physiological and

behavioral disorders such as inflammation; asthma; dementia;

oxidative stress; alterations in their DNA; and disruptions in mem-

ory, olfaction, and learning capabilities.23–26

Bats are among the most abundant and widely distributed

mammalian species. With more than 1,500 species, bats ac-

count for more than 20% of mammalian species.27 Urbanization

dramatically affects bats, reducing both their abundance28 and

diversity on the one hand but also creating attractive habitats

for a few synanthropic bat species that thrive in human-altered

environments.29,30 Bats often prefer the edges of cities, which

are characterized bymore vegetation and diverse habitats, while

avoiding foraging sites with high traffic and noise.31

Only a few studies investigated the effects of urbanization and

human-related pollution on bats or on other wild animals. Most

studies used bats as bio-indicators for assessing the presence

of heavy metals or pesticides. These pollutants can have cata-

strophic implications, causing genotoxic and mutagenic dam-

age and affecting various body organs and systems.32,33 The ef-

fect of air pollution on bats’ activity has rarely been examined

with one study revealing more diversity in less polluted forests,34

but the effect of pollution on bats’ health has never been exam-

ined. Moreover, it is noteworthy that air pollution can also indi-

rectly affect bats by contaminating their drinking water or by

accumulating in insects that they prey on.26,31,34 Some re-

searchers have even hypothesized a potential link between par-

ticulate pollution and the white-nose syndrome, a deadly fungal

disease affecting millions of bats in North America.35

In this study,we focused on theEgyptian fruit bat (Rousettus ae-

gyptiacus), which is one of the most common bat species in Israel

and arguably the most abundant one in urban environments. In

addition to roosting in rural areas, fruit bats also commonly roost

in cities in Israel, enjoying the rich diversity of planted andwatered

fruit trees36 and drinking from artificial water sources.37 Egyptian

fruit bats spend many hours foraging every night and can fly up

Figure 1. The ten urban and rural colonies that were sampled in the study

(A) The locations of the study colonies are presented on an aerial map. Large urban areas are depicted by gray shadings.

(B) The urbanization index of the different colonies. This normalized index was estimated as the log10 of the population in a 3 km radius around each colony

divided by log10 of the estimated population in a 3 km radius around Shonzino colony—the colony situated in themost populated region. The colonies on themap

were color-coded accordingly (for the actual estimated population sizes, see Figure S1).
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to dozens of kilometers from their roost to reach a foraging tree.38

While they often return to familiar fruit trees, bats occasionally

embark on exploratory flights, which might expose them to

much PMpollution when flying in urban environments. Some rural

bats also routinely forage in urban areas.36

In Israel, the current assessment of air quality indicates that

PM levels consistently exceed the established standards. The

geographic location of Israel, close to North Africa and the

Arab deserts, coupled with PM transport from Europe, contrib-

utes to the relatively high PM levels.39

In light of all the aforementioned facts, we set to examine

whether Egyptian fruit bats that roost and forage in urban envi-

ronments risk their health due to their exposure to air pollution

and specifically if they suffer from low HGB levels. We sampled

ten fruit bat colonies located in environments with different levels

of urbanization (Figure 1 and Table 1) and found a strong nega-

tive correlation between PM 2.5 pollution and HGB levels.

RESULTS

A correlation between urbanization and PM2.5 pollution
There was a strong positive correlation between the colony’s de-

gree of urbanization and the PM2.5 pollution level outside it (Fig-

ure 2, R = 0.95, p < 2E�05, Pearson correlation test). PM2.5

levels inside the colonies were also significantly correlated with

the urbanization index (R = 0.67, p = 0.045) but only after

removing the Zoological Garden colony in which pollution inside

was remarkably low, probably because of the small entrance

size and the artificial air-conditioning (compare pink triangle

and circle in Figure 2). Interestingly, the average PM2.5 levels

outside the urban colonies were significantly higher than those

inside the colonies (except for the Dizengoff Center colony,

which is located inside an active suppliers’ parking lot where

trucks enter routinely to unload supplies, often leaving their en-

gines running). In contrast, pollution levels were higher inside

than outside the colonies in rural areas (compare circles to trian-

gles in Figure 2). Notably, fruit bats spend many hours foraging

every night (up to 10 h, Harten et al.38), and thus they are

exposed to external pollution as much as to the pollution inside

their colonies.

To account for the effects of both urbanization and the location

of the measurement (inside or outside the colony), a generalized

linear model was employed.

The model was employed with PM2.5 levels set as the ex-

plained parameter and with fixed effects including the colony’s

normalized urbanization level, the measurement location (in/

out, binary with 1 for inside), and their interaction. As expected,

the urbanization index had a large significant effect on the

pollution levels (with an estimate of 9.97 mg
m3 per urbanization

unit, p < 5 E�04, Table 2). The interaction between urbanization

andmeasurement location was also significant, and the estimate

was negative suggesting that, in urban colonies, pollution was

significantly higher outside the colony than inside (with an esti-

mate of �6.93 mg
m3 , p = 0.04, Table 2, see Figure S2). To examine

the effect of population density on pollution, we ran the same

model with the actual (rather than the normalized) population

Table 1. PM2.5 sampling pollution periods inside and outside each colony

Colony Inside measurement Outside measurement

Urbanization

index Colony morphology

Estimated

number

of bats

Total number

of bats sampled

DC parking lot May 2022–June 2023 October 2022–February

2023

0.981 parking lot 500 45

Zoological

Garden

May–October 2022 February–May 2023 0.89 artificial room 50 42

Herzeliya September, October,

and November 2022

September, October,

and November 2022

0.693 calcarine limestone 2,000 21

Shonzino October, November,

and December 2022

September 2022–

August

2023

1 abandoned

building

400 20

Shoam August, November,

and December 2022

August, November,

and December 2022

0.549 limestone cave 2,300 25

Jaffa December 2022 March–December

2023

0.895 abandoned

building

1,000 21

Beit Guvrin January 2023 January 2023 0.016 chalk cave 500 19

Bnei Brit March and July 2023 July and August 2023 0.221 limestone cave 300 17

Ayalon Bridge January, February,

March, and May 2023

May–June 2023 0.971 highway bridge 1,800 18

Sgafim April and July 2023 August 23 0.154 marl cave 600 18

In Herzeliya, Shonzino, Shoam, Jaffa, Beit Guvrin, Bnei Brit, Sgafim, and inside the Ayalon bridge colonies, the sampling was done using the Pats

sensor. In the Zoological Garden and inside the Dizengoff Center parking lot, the measures were done using the PurpleAir sensor. Outside the Dizeng-

off Center, Shonzino, Jaffa, and Ayalon Bridge colonies, the measures were made by sensors from stations of the Ministry of Environmental Protection

(using the closest station to each colony—one of four different stations). The total number of individual blood samples taken in each colony is shown in

the right column. For more detailed information including the blood sample dates, see Table S1.
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density as a fixed factor and found that pollution increases on

average by 2.9 mg
m3, for every increase in 100,000 people per

km2 (p = 0.0005).

These estimates were computed after excluding the Dizengoff

Center colony, where bats roost in an active truck parking lot.

Notably, the effect of urbanization remained significant even

when including the Dizengoff colony (Table 3). For visualization

of the average PM2.5 inside and outside the rural and urban areas

(including and excluding the Dizengoff Center colony), see

Figure S2.

Bats from more polluted regions have lower HGB levels
After establishing a connection between urbanization and pollu-

tion, we examined whether PM2.5 pollution in the colonies was

correlated with bats’ HGB levels. There was a significant nega-

tive correlation between the PM2.5 concentrations (the average

of both inside and outside measurements) and HGB levels (Fig-

ure 3A, Pearson correlation: R = �0.68 and p = 0.029). Similarly,

PM2.5 measures exhibited significant negative correlations with

HGB-related parameters, including the MCH and the MCHC

(Figures 3B and 3C, Pearson correlations of �0.74 and �0.73

and p values of 0.014 and 0.016, respectively). Adding bats’

sex (female/male) to the models did not improve their fit.

Bat HGB and HGB-related parameters also negatively corre-

latedwith thepollutionmeasuredonly inside the colonies (Pearson

correlation: R = �0.61, �0.61, and �0.5; p = 0.06, 0.061, and

0.146, for HGB, MCH, and MCHC respectively; Figure S3), as

well aswith thepollutionmeasuredonlyoutside thecolonies (Pear-

son correlation: R =�0.57,�0.68, and�0.8;p= 0.166, 0.031, and

0.006, for HGB, MCH, and MCHC respectively; Figure S4).

None of the other blood parameters including the red blood

cell count (RBC), the white blood cell count (WBC), the mean

corpuscular volume (MCV), and the hematocrits showed a signif-

icant correlation with pollution.

There was also no significant correlation between blood iron

and HGB levels in the 21 bats that we examined (Pearson corre-

lation test, p > 0.7, R = 0.09).

HGB levels are not correlated to instantaneous
exposure to pollution
Finally, we examined the timescale of the effect of pollution on

HGB. To this end, we examined the levels of pollution that indi-

viduals in one colony (Zoological Garden) were exposed to,

over a period of two months by placing multiple sensors along

the typical routes they used in flight and continuously measuring

pollution in the colony (Figure 4 and see STAR Methods). In par-

allel to measuring pollution, we routinely (�once a week) ex-

tracted blood samples and estimated their HGB levels. We did

Figure 2. Average PM2.5 levels inside (dots) and outside (triangles) bat colonies located in different urbanization levels

Each point represents one colony, color-coded according to the legend. The dashed red line is the linear fit for the measurements outside y = 10.14x + 9.54, with

R2 = 0.91 (with a Pearson correlation of R = 0.95, and p < 2E�05). The dashed blue line represents the linear fit of the measurements inside each colony:

y = 5.38x + 11.13, with R2 = 0.20 (the Pearson correlation after removing the Zoological Garden colony was R = 0.67, and p = 0.045). The thin vertical dashed lines

represent the standard division. The vertical dashed line separates stations in rural and urban locations.

Table 2. Fixed effects coefficients for the effect of urbanization

and measurement location on pollution (95% CIs)

Name

Estimate

values

Standard

error tStat p value

Intercept 9.6 1.5 6.2 2.26E�05

Norm.

density

10 2.2 4.5 4.85E�04

Inside 2.2 2.2 1 0.339

Urban:

inside

�6.9 3.1 �2.2 0.044
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not find a significant correlation between the specific (3 days and

oneweek) pollution levels to which individuals were exposed and

their respective instantaneous HGB levels (Tables S2 and S3,

respectively) suggesting that the effects of pollution on HGB

accumulate over relatively long periods of months.

DISCUSSION

With the rapid growth in urbanization, we are only beginning to

understand its impacts on wildlife. Air pollution is one of the

main characteristics of urbanization, but its health impacts

Table 3. Fixed effect coefficients for the effect of urbanization and measurement location (inside/outside) on pollution including the

Dizengoff Center colony (95% CIs)

Name Estimate values Standard error tStat p value

Intercept 9.5 1.8 5.2 9.4E�05

Norm. density 10.1 2.5 4 9.9E�04

Inside 1.6 2.6 0.6 0.55

Urban: inside �4.8 3.6 �1.3 0.201

A

B

C

Figure 3. Average colony hemoglobin and blood parameters vs. PM2.5 pollution in the different colonies (average of inside and outside)

Each colored point represents one colony. Dash lines represent standard errors. The right panel in each row shows the distribution of measurements for all

colonies together.

(A) Average colony HGB vs. PM2.5 in the different colonies. The equation of its linear fit is y =�0.2x + 19.17, with R2 = 0.47. The Pearson correlation between them

is �0.68, and the p value is 0.029.

(B) Average colony MCH vs. PM2.5 in the different colonies. The equation of its linear fit is y = �0.12x + 17.29, with R2 = 0.55. The Pearson correlation between

them is �0.74, and the p value is 0.014.

(C) Average colony MCHC vs. PM2.5 in the different colonies. The equation of its linear fit is y = �0.5x + 53.11, with R2 = 0.54. The Pearson correlation between

them is �0.73, and the p value is 0.016.
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havemainly been examined on humans. In this study, we reveal a

very clear negative correlation between the pollution in the area

where the bats roost and their HGB levels. We observe a reduc-

tion of approximately 1.8 g/dL in HGB levels with a PM2.5 in-

crease of 10 mg
m3. The higher HGB levels measured in the less

polluted colonies were in line with previously published values

for the species.40,41 There is no documentation of what HGB

level constitutes anemia in bats, but we observe a difference of

�25% between the highest and lowest HGB average colony

levels, equivalent to more than 2STDs (standard deviations) rela-

tive to the population’s mean. Such a decrease in humans would

be considered anemia and thus might impact bats’ health, espe-

cially as bats are highly aerobic creatures with an extended de-

mand for oxygen due to their strenuous metabolic effort of flight.

Additional HGB-related parameters (such as the MCH) all

showed the same negative correlation with pollution.

Our attempt to find a correlation between individual foraging

patterns and individual exposure to pollution with HGB failed,

suggesting that HGB levels are determined over long periods

of many weeks and maybe months. This is in line with data pub-

lished for humans where athlete HGB levels increased by only

5% after three weeks at high altitudes.42

Because some bats roost in the country but routinely fly to

forage in the city and thus experience country colony pollution

Figure 4. Individual pollution exposure measurements

Circles show the locations where the Pats+ sensors were placed during February–May 2023. They are color-coded according to the median pollution from the

lowermeasurements (white) to higher pollutionmeasurements (dark). Color bar on the left depicts pollution levels in mg/mm3. The green dots show the trajectories

of 8 bats (overlaid on each other). The Zoological Garden colony is marked by a black star. The circle next to the colony shows the measurements outside the

colony (which indicates a relatively high pollution outside).
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levels, but urban environmental pollution levels36 we also

compared the pollution inside and outside the colonies. Indeed,

one of the interesting insights we obtained is that, in urban envi-

ronments, pollution levels inside the colony are usually lower

than those outside (unlike in rural areas) suggesting that, in this

respect, bats would benefit from shortening their foraging time.

The DC (Dizengoff Center) colony was an exception, but bats

rarely roost in very active parking lots. The fact that the bats

choose to roost in such a polluted spot suggests that they do

not assess PM pollution when making roosting decisions or

that they cannot assess the pollution level (there are many other

roosting possibilities in the city). Notably, when entering the

parking lot, we were not disturbed by air quality.

Two additional interesting cases are the relatively low PM2.5

pollution inside the urban Zoological Garden colony, probably

because of the narrow entrance to this colony and the artificial

air-conditioning, which circulates the air, and the relatively high

pollution in the rural Shoham colony probably because of the ar-

cheological excavation at the entrance to the cave, which re-

sulted in airborne dust. The bats in the Zoological garden had

the highest average HGB levels exemplifying the importance of

clean air in the roost.

We excluded the possibility that HGB differences might result

from difference in the bats’ iron diet as there was no correlation

between HGB and blood iron levels. This alternative explanation

also seems less likely as colonies that are nearby each other and

whose bats thus share a very similar diet exhibited very different

HGB levels that correlated with pollution. For example, the DC

parking lot and the Jaffa colonies, which are only 3 km apart

and where bats forage on very similar trees, differed greatly in

both pollution and HGB levels. In fact, one of the suggested

mechanisms by which PM2.5 pollution might impact HGB is by

bonding to iron atoms in the blood. Moreover, the models’ fit

(measured based on the Akaike information criterion [AIC]) was

better when using pollution rather than human population den-

sity (i.e., a proxy of urbanization) as an explaining parameter sug-

gesting that pollution better explains HGB differences than other

urban parameters.

A negative correlation between pollution and HGB has been

shown forhumans,but, toourbestknowledge, this is thefirststudy

that shows a connectionbetween air pollution andHGB inwild an-

imals. With the ever-increasing spread of urbanization, many ani-

mals find themselves living in urban environments exposed to

various typesofanthropogenicpollution.LowHGBconcentrations

could lead toanemiaand in the long runcould impair bats’ foraging

abilities. As flying mammals, bats require high levels of oxygen to

commute and forage. This study thus highlights the cost that ur-

ban-dwelling animals must pay while enjoying some of the city’s

benefits such as warm temperatures, artificial roosts, and an

excess inbothamountandvariabilityof fruit in thecaseof fruitbats.

In conclusion, we found a negative correlation between expo-

sure to PM pollution and bats’ blood HGB levels (as well as other

HGB-related parameters such asMCH andMCHC). Specifically,

bats that roost and forage in the cities were exposed to more air

pollution and had lower HGB levels, potentially endangering their

health. Furthermore, the pollution in urban areas was found to be

higher outside than inside the bats’ colonies. Hence, the foraging

patterns of urban bats will likely affect their health, and, in terms

of PM pollution, it is better for them to stay inside their colony as

long as possible. This rule of thumb might be wrong in cases

where the bats select to roost in a highly polluted root such as

an active parking lot.

Limitations of the study
Notably, this is a correlative study, and we have not proven

directly that PM pollution is the driver of HGB levels. Controlled

laboratory studies are needed in order to generate a direct link

between pollution and HGB.

Additional research is also required in order to reveal the

impact of the possible effect that we have observed on actual

bat health. Such research could include, for example, an assess-

ment of bats’ physiological performance under physical activity.

Additional GPS tracking is also required in order to examine the

relation between individual foraging choices and the individual

effects of air pollution.

Moreover, our research is only a starting point for further

studies on the impact of air pollution on urban-dwelling animals.

Future work can explore not just HGB-related parameters but

also other health aspects and foremost the respiratory system.

Our research aims to encourage more in-depth exploration

with larger sample sizes of the hazards andmorbidity of air pollu-

tion, primarily caused by humans, on the animals that coexist

with us.
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Périer, M.C., Marijon, E., Vernerey, D., Empana, J.P., and Jouven, X.

(2012). Main Air Pollutants andMyocardial Infarction: A Systematic Review

and Meta-analysis. JAMA 307, 713–721. https://doi.org/10.1001/jama.

2012.126.

7. Kampa, M., and Castanas, E. (2008). Human health effects of air pollution.

Environ. Pollut. 151, 362–367.

8. Losacco, C., and Perillo, A. (2018). Particulate matter air pollution and res-

piratory impact on humans and animals. Environ. Sci. Pollut. Res. Int. 25,

33901–33910.
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STAR+METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

212 Egyptian fruit bats (Rousettus aegyptiacus) were sampled in this study. 131 from them were female, and the majority were

adults (208 bats). The detailed information about the colonies of the bats is presented in Table 1. All captures and blood

extraction were done with the permission of the National Park Authority (permit 2022-43219( and the institutional IACUC (permit

number TAU - LS - IL - 2201 - 114 - 2).

METHOD DETAILS

Bat roosts
We sampled bats at 10 Egyptian fruit bat (Rousettus aegyptiacus) colonies located in both urban and rural areas in Israel (Figure 1A).

An urbanization index was calculated for each colony (Figure 1B) based on the estimated population density within a 3 km radius

around the colony, after excluding non-inhabitable areas such as the Mediterranean Sea and then normalizing by the density of

the colony positioned in the most populated region. A radius of 3 km was chosen because bats spend a large amount of their

time within this radius.38 The population data were obtained from the ‘‘demographics variables layer - 2014’’ in ARC GIS and

from the Tel-Aviv municipal and the Population and Immigration Authority websites.

Pollution measurements
Tomonitor andmeasure PM2.5 air pollution levels inside and outside bat colonies and along their flight routes, twomain sensorswere

utilized: (1) The PurpleAir PA-II-SD (https://www2.purpleair.com/products/purpleair-pa-ii) and (2) The PATS+ Monitor (https://

berkeleyair.com/wp-content/uploads/2020/02/PATS-Specifications-Oct-2016.pdf) from Berkeley University. The PurpleAir sensor

requires high voltage and was employed to measure PM2.5 in locations with electricity availability, while the battery-powered

PATS+ sensors were used in all other sites. A comparison had beenmade between these two sensors at the same location, themea-

surements were equivalent (see calibration below), but the PATS+ sensor didn’t measure values under 10 mg/m3. Therefore, at the

low PM2.5 concentration levels the PurpleAir sensor will be more accurate.

The PA-II-SD allows measuring three levels of PM pollution (PM10, PM2.5 & PM1) simultaneously every two minutes with an ac-

curacy of 0.01 mg/m3. Additional measurements acquired by this sensor include ambient temperature, humidity and pressure. The

PATS+ sensor measures PM2.5 concentration with a high accuracy of 10-7 mg/m3, as well as ambient temperature and relative hu-

midity (sampling once per minute).

In addition to these two sensors, data from two additional publicly available sensors were used: Airlink (Davis Instruments) and

sensors from stations of the Ministry of Environmental Protection of Israel. These sensors were used for validation of the measure-

ments of the above sensors above. All sampling periods at the various colonies can be found in Table 1.

To examine the accuracy of the PATS+ sensor we compared its PM2.5 measurements to those of the Ministry of Environmental

Protection of Israel sensor in ‘‘Yehuda Maccabi’’ station taken over a period of a 4 days in May 2023. The distance between the sen-

sors was 1 km.We found a strong significant correlation between the two sensors: R2=0.77, and a Pearson correlation of r=0.87 & p<

10-5. To compare the PM2.5 measurements of PA-II-SD sensor and the Ministry of Environmental Protection of Israel sensor in

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Blood samples (WBC,RBC,HGB, HCT,

MCV, MCH,MCHC tests)

American Medical Laboratories (AML) N/A

Other

Mendeley Elsevier https://data.mendeley.com/preview/

jx5ggwnypn?a=d4b4523f-aa77-405c-

a7be-b2eb29d7d158

Experimental models: Organisms/strains

Rousettus aegyptiacus Colonies in central Israel Taxonomy ID: 9407

Software and algorithms

MATLAB R2022a MathWorks https://www.mathworks.com/downloads/;

e1 iScience 28, 111997, March 21, 2025

iScience
Article

ll
OPEN ACCESS

https://www2.purpleair.com/products/purpleair-pa-ii
https://berkeleyair.com/wp-content/uploads/2020/02/PATS-Specifications-Oct-2016.pdf
https://berkeleyair.com/wp-content/uploads/2020/02/PATS-Specifications-Oct-2016.pdf
https://data.mendeley.com/preview/jx5ggwnypn?a=d4b4523f-aa77-405c-a7be-b2eb29d7d158
https://data.mendeley.com/preview/jx5ggwnypn?a=d4b4523f-aa77-405c-a7be-b2eb29d7d158
https://data.mendeley.com/preview/jx5ggwnypn?a=d4b4523f-aa77-405c-a7be-b2eb29d7d158
https://www.mathworks.com/downloads/


‘‘Yehuda Maccabi’’ station data was taken over a period of a 30 days in July 2022. The distance between the sensors was 2 km. We

found a strong significant correlation between the two sensors: R2=0.61, and a Pearson correlation of r=0.77 & p< 10-5.

The sensors that were placed inside the colonies were placed as close as possible to the locationwhere the bats roost. The sensors

placed outside the colonies were placed near the entrance. The PA-II-SD sensors were placed in the Zoological Garden, D.C parking

lot and the Shonzino colonies. The PATS+ sensors were placed in the other colonies.

Hemoglobin (HGB) and iron assessments
Bats (both females and males) were caught using hand- or mist nets at the various colonies (see Tables 1 and S1 for dates and

numbers). The bats were gently hand-restrained without using anesthesia. Venipuncture was performed on the antebrachial vein

in the wing, and approximately 1,000ml of blood was collected into small EDTA-coated tubes (BD Vacutainer� spray-coated

K2EDTA). The tubes were stored inside temperature-controlled boxes and sent within a few hours for analyses at a professional vet-

erinary laboratory (American Medical Laboratories, Herzeliya Israel). At least 17 adult bats were sampled in each colony (see

Table S1). Samples with mean corpuscular hemoglobin concentration (MCHC) values of above 100 g/dl were removed from the

data set. Such high values suggest an artifactual measurement, probably due to blood clots. After the removal, the minimal sample

set per colony was 13.

To account for a potential effect of diet-iron levels on hemoglobin (HGB) levels, we measured and compared iron and HGB con-

centrations in bats from two colonies: DC and Beit Guvrin, representing low and high air pollution levels, respectively. We collected a

total of 21 samples from male bats—9 from Beit Guvrin and 12 from DC. These samples were analyzed at American Medical Lab-

oratories in Herzeliya, Israel. Individual serum iron levels were assessed using assays from Roche Diagnostics, GmbH, Mannheim,

Germany.

Individual bat tracking
In addition to the colony level analysis, we assessed how individuals’ exposure to pollution affects their HGB levels. To this end, we

took advantage of the unique open colony in the Zoological Garden of Tel-Aviv University where the bats are free to forage

outside (38).

We GPS-tracked 13 individual bats between January to April 2023 usingminiature GPS tags (Vesper tags, ASD Inc). The tags were

attached to the bats’ backs with a collar, and the data was downloaded daily as described by Harten et al., 2020. (In parallel to the

tracking, blood samples were taken from the bats approximately once a week (Table S1). Furthermore, in addition to the fixed air

pollution measurements performed inside and outside the colony in the Zoological Garden, sporadic mobile devices were placed

in several locations where these bats routinely fly and forage to estimate the individual pollution levels that bats were exposed to.

We then examined the correlation between pollution exposure and blood HGB dynamically at the individual level.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistics were performed using MATLAB and Excel software. We usedmixed-effect Generalized linear models (GLMM) to test for

correlations between parameters.

All variables used to fit the GLMM models are specified in the main text.

Generalized Linear Mixed Models (GLMMs) extend generalized linear models by incorporating both fixed and random effects,

making them ideal for analyzing hierarchical or clustered data. Fixed effects capture relationships between predictors and outcomes,

while random effects account for variations across groups or locations. GLMMs handle data dependencies, improve estimation ac-

curacy, and are flexible enough for various dependent variables. They are particularly useful for analyzing pollution levels across ur-

ban and rural areas, as they model both the effects of environmental factors and location-specific variations, preventing bias that

might arise from ignoring these dependencies, and ensuring more accurate and generalizable results.

Pollution levels used in themodels (except for the individual tracking) were the averages over 25 days on average. For the individual

tracking models, average pollution levels were estimated during the 3 or 7 days before the blood samples were used.
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