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Effects of fine particulate matter air
pollution on survival of Heliconius
ethilla (Godart, 1819)

A. M. M. Charpinel™, J. C. Féres & F. C. C. Barreto

Human activities affect natural ecosystems worldwide and can generate negative effects on insect
species such as growth inhibition, developmental abnormalities and reduction of reproductive and
survival rates. Our study focused on fine particulate matter, a pollutant known to cause mechanical
obstruction, heavy metal intoxication, and stress in Lepidoptera larvae. Heliconius ethilla (Lepidoptera:
Nymphalidae) is a Heliconiinae found in the southeastern region of Brazil. We started our study with
3255 eggs, from which 69 stage 3 larvae were randomly separated as the treatment group. The larvae
were fed with Passiflora edulis leaves and the SPM was added before being offered to the treatment
group in an increasing concentration according to the age of the larvae and the leaf, simulating the
gradual deposition of SPM in the environment. Our results demonstrate that Sedimentable Particulate
Matter negatively impacted mortality rates, pupal weight, and body size. The results strongly

indicate that the presence of SPM negatively impacts the survival, development and potentially the
reproductive success of H. ethilla. A reduction in the population size and a consequent decrease in the
chances of long-term survival of the species can be expected.
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Human interventions has been affecting the natural ecosystems all over the world!. Modern agricultural
practices, industrialization and increased vehicular use have led to high concentrations of pollutants in the
environment?. These pollutants are regularly getting, for example, into air and soil®. Among the air pollutants,
the most common are the ones called the six criteria pollutants. These air pollutants are the particulate matter
(PM), ozone (O3s), carbon monoxide (CO), nitrogen oxides (INO.), sulfur dioxide (SO2) and lead (Pb). The
Clean Air Act requires the U.S Environmental Protection Agency (U.S EPA) to set National Ambient Air Quality
Standards (NAAQS) for these pollutants? and in European Union, the Ambient Air Quality Directives (AAQD)
set air quality standards for 12 air pollutants®, including these six criteria air pollutants. The World Health
Organization (WHO) creates guidelines based on the health hazards reviews of the particulate matter (PM),
ozone (O3), carbon monoxide (CO), nitrogen oxides (NO,) and sulfur dioxide (SO2)°.

Total Suspended Particles (TSP) also known as particulate matter air pollution, are airborne particulates
represented by all the particles suspended in the atmosphere with a large particle size range and capable of
being sampled’. Typically, the aerodynamic diameter of these particles ranges from < 0.1pm to greater than
100 pm®. These particles are grouped in coarse, fine and ultrafine particles. The PMiq are airborne particles
with an aerodynamic diameter of less than 10 pum that penetrate the respiratory system and includes those
inhalable particles that are sufficiently small to penetrate to the thoracic region and are mainly emitted by
mechanical processes in construction activities and by the resuspension of particles in roadways due to traffic
or wind erosion, among others. The P Mo includes the airborne particles that range from 2.5 ym to 10 um
and are known as coarse particles (PMa.5-PMio). The PMs 5 are the fine particles in suspension that have
aerodynamic diameter of less than 2.5 um and are produced mainly in combustion processesﬁ’w. The PM> 5
are stored in the bronchioles, while the other fractions of particles smaller than 10 um are retained in the nose
and nasopharynx, and can later be eliminated from the respiratory system by the defense mechanisms of the
human organism7. The PMoy.1 have an aerodynamic diameter of less than 0.1 pm6’9'10 and are also known as
nanoparticles (NPs) and ultrafine particles (UFPs)!!. The ultrafine particles can not only penetrate the alveoli
and be deposited in the lungs, but could also be transfered to other organs'>!®. Due to its size, highly chemical
reactivity and rapid changes it is difficult to determine its source of emissions'*!, mainly because there is a high
instrumental and methodological demand for the detection!® and absence of evaluation standards and regular
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monitoring!”. The PMoy.1 health effects are also poorly understood because of the lack of long-term exposure
studies'® and assessment metrics'”.

Research on the impact of air pollution on health in Latin American countries yield results similar to those
in other locations in the world'. As for health outcomes, respiratory and cardiovascular diseases are the ones
most commonly associated with air pollution®®. The World Health Organization (WHO) released estimates in
an update in 2018 with the data from 2016 reporting that there were 4.2 million deaths associated to the burden
of diseases from ambient air pollution, from which 38% of the deaths were because of Ischemic Hearth Disease
(IHD), 20% were due to stroke, 18% were because of Chronic Obstructive Pulmonary Disease (COPD), 18%
due to Acute lower respiratory disease (ALRI) and 6% of deaths were associated to lung cancer?’. According to a
global burden of disease analysis, the deaths attributed to air pollution was the fourth largest cause of death for
both males and females in 2019, representing 6.67 million deaths and it was also responsible for approximately
200 million disability-adjusted life years (DALYs)?!.

Air pollution is an almost ubiquitous component of urban environments, which were defined by Ehler (1978)
as a wide shared connection that reflects the enormous variety of ecological situations at cities, towns and their
surrounding areas that collectively encompass numerous continua of disturbance and change. Urban areas are
commonly known as “green spaces” or “open spaces”. Whitmore and collaborators (2002) define urban open
spaces as any vegetated areas (green areas) which includes nature reserves, private and public gardens, sport and
recreational grounds, roadsides, rail verges and transmission line servitudes, cultivated, derelict and undeveloped
land. Urbanization is associated with habitat degradation, including decreased plant species diversity, reduced
water quality, and increased air and soil pollution®”. Researches on the impact of urbanization on biodiversity
have focused primarily on vertebrates, including reptiles?*, amphibians*!, mammals?> and birds?®?”. However,
there has been less emphasis on understanding the consequences of habitat loss and fragmentation on terrestrial
invertebrates?>%.

Insects have strong relationship with ecology® and are typically the overwhelmingly dominant invertebrate
faunal group®!. They have been used popularly and extensively in biomonitoring and bioassessment programs
throughout the world®**!. More than 17000 species of butterfly are found worldwide®?. The butterflies have
ecological fidelity and are sensitive to environmental changes and to the quality of the environment, and play
a crucial role in indicating environmental quality. Ramirez-Restrepo and MacGregor-Fors (2017) reported
negative effects of urbanization on butterflies based on reviewed studies. Heidari and collaborators (2022) found
out that the insect herbivore diversity was negatively associated with the CO concentration. MacGregor-Fors and
collaborators (2015) demonstrated that butterflies were the most sensitive wildlife group to urbanization and
Matteson and collaborators (2013) found a lower diversity (species richness and abundance) of flower-visiting
insects, including butterflies, in heavily developed neighborhoods compared to urban green areas. Butterflies
respond differently to urbanization depending on their area of distribution and taxonomic identity>3.
Specialist butterflies decreases with increasing urbanization®»*-3” and urbanization can lead to local extinctions
of infrequent, not abundant, specialist butterfly species®.

The group Lepidoptera are also used as environmental indicators of heavy metals and carbon dioxide
concentration in locations close to industrial and within urban areas®. Chen and collaborators (2005) highlight
the successful use of these insects for environmental pollution and heavy metal contamination assessment,
both near industrial zones and within urban areas. Acute and chronic effects of air pollution on some insects
are frequently reported in the form of growth inhibition, developmental abnormalities, reduced reproduction
and decreased hatchability®. For example, on mulberry leaves, oil-soaked lesions induced by sulfur dioxide
were associated with reduced feeding rate, inactivity, non-uniform growth, delayed cocooning, and cuticular
softening of silkworm larvae*® and reduced flight activity and brood-rearing activity occurred in bees exposed to
S054! but little information is available on the modes of action and toxicology of sulfur compounds in insects.
In addition to the major classes of pollution affecting insects, there are some references suggesting that arsenic*?
have negative effects on insects and air pollutants are likely to impact olfactory-guided behavior®, thus reducing
pollination services provided by insects*!. Additionally, the presence of cadmium, copper, iron, nickel and other
substances used in fertilizers were studied by Heliovaara, K. and Vdisdnen, R (1990) with pupae of different
Noctuidae and Geometridae species, an Eriocraniidae population, about the cycle duration and newly hatched
larval mortality rate from butterflies (Family Nymphalidae), which were feed on plants exposed to high carbon
dioxide concentration®. Furthermore, there is a potential for air pollutants, particularly to negatively influence
the searching behaviour of parasitoids*®, but effects of air pollution on insect populations are poorly understood.

To date, considerable efforts have been made to the conservation of endangered butterfly species in certain
cities and their surroundings'®?’. Previous studies and initiatives have demonstrated that butterfly conservation
in urban areas is a viable endeavor, given that many species exhibit the ability to thrive in these environments*34°.
Envisioning a positive impact in urban environments for butterflies, creative urban planning and management
strategies, such as habitat design and the cultivation of native host and nectar-rich plants, could enhance and
improve urban habitats for butterflies. However, the success of these actions require careful monitoring and
should be based in prior knowledge of the biology and ecology of the target species®. The reasons for using
insect species, butterflies included, as indicator are: (1) The use of several different taxa of different habitats
gives more robust results, (2) the quantitative indicator value needs to be associated with the bioindicators, (3)
there is similarity between different landscape features, (4) there is comparison of community, (5) these taxa
can be reliably identified, sampled, and quantified, and (6) more than one family surely indicate species richness
of an order’!. They exhibit a rapid and sensitive response to accumulation of heavy metals®>. Moreover, due to
their dynamic reproductive cycles, they respond rapidly to changes in the vegetation and climate, and they are
conspicuous, therefore they can easily be observed and sampled throughout the year and have a well-known
taxonomy™>. They are also used as models in research on population ecology and behavior>*.
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Air-pollution has frequently been suggested as a cause of the decline of some butterfly species, but the
suggestion are based mainly on lowered species richness close to industrial areas in Europe. Additionally, the
effects of the urbanization on butterflies and other insects have scarcely been appraised in detail®® and there
have been frequent calls, in vain, for research on the direct effect of air-pollution on Lepidoptera, with the
recent investigations predominantly focusing on the indirect effects of air pollution (climate change)>.
Furthermore, no experiments have been conducted to directly study the effects of air pollution on butterfly
ecology, especially regarding the Sedimentable Particulate Matter (SPM). Since urbanization, which is associated
with habitat degradation and increased air pollution®?, and because of other factors, such as that the insects
are popularly used as bioindicators® including the group Lepidoptera®?, secondly, because negative effects on
butterflies are caused by urbanization®” that can lead to the reduction of some butterfly species™, furthermore,
because butterflies are the most sensitive wildlife group to urbanization®® and due to what Sildanchandra and
Crane (2000) said about the effects of air pollution on some insects, which are growth inhibition, developmental
abnormalities, reduced reproduction, reduced survival and decreased hatchability, and that the direct effects
of the urbanization on butterflies have scarcely been appraised in detail®>, including just some studies about
the effects of urbanization®!, and other few the effects of air pollution on butterﬂy“, but no experiments have
been conducted to investigate the direct effects of the Sedimentable Particulate Matter (SPM) on the group of
Lepidoptera, this study, which is conducted with a species of Heliconiinae relatively common in urban green
areas of the city of Vitdria, ES (Brazil) called Heliconius ethilla (Godart, 1819), represents a pioneer experiment
on the investigation of the direct effects of SPM on this model urban species of butterfly. Our objective was to
investigate the effects of the sedimentable particulate matter on the survival of H. ethilla, and what were the
direct effects. Our hypothesis is that the greater the concentration of SPM, the worse is the effect on the survival
of H. ethilla.

Results

The treatment group had a higher probability of death and lower probability of survival to
the next stage compared to the control group

Based on the observed results, the treatment group exhibited significantly lower survival probabilities, p (x), and
and higher death probabilities, q(x), compared to the control group in the L3, L4, and L5 stages, as shown in Fig.
1 and Table 1, in Supplementary Materials.

The treatment group exhibited significantly longer developmental times across all larval
stages compared to the control group

Developmental time was significantly longer in the treatment group compared to the control group, with the
complete life cycle averaging 33.59 days for the treatment group versus 29.27 days for the control group, as
shown in Fig. 2E and Table 2, in Supplementary Materials. The larvae passed through the stages faster in the
control group compared to the treatment group, as we show in Fig. 2A-D, and in Table 2 in Supplementary
Materials. The prolonged development in the treatment group reflects the impact of the experimental conditions
on larval and pupal growth.

The SPM significantly affected the size, weight, and survival of caterpillars in the treatment
group

Our analysis revealed a strong negative correlation between adult size and SPM concentration, with size
decreasing as SPM levels increased (Fig. 3, Table 1). Similarly, pupal weight showed a marked reduction
with higher SPM concentrations (Fig. 4, Table 2). Mortality rates also increased with SPM levels, with higher
concentrations resulting in significantly more deaths (Fig. 5, Table 3). These findings confirm the detrimental
impact of SPM on the growth and survival of H. ethilla.

The Proportion Tests revealed no significant differences between the control and treatment groups in the
proportion of individuals surviving to stages L3, L4, L5, or Pupa (Table 4). Similarly, the probability of surviving
to the next stage, p(x), and the probability of death, q(x), showed no substantial differences across these stages
between groups (Table 4). However, differences in life expectancy, e(x), were observed in L3 and L4 (p-values =
0.04316 and 0.03606, respectively), though no significant differences were found for L5 or Pupa (Table 4).

Although we conducted proportion tests and initially observed differences in life expectancy e(x), of the L3
and L4 stages (as shown in Table 4), it is important to note that due to the multiple comparisons we made, the
Bonferroni Correction, a more accurate way to determine the statistical significance of our previous proportion
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Fig. 1. Graphs of the life cycle of the control and treatment groups from egg to pupa of Heliconius ethilla. with
the percentage of the probability of survival to the next stage p(x).
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Fig. 2. Graphs of the developmental time in days of the control and treatment groups of L3, L4, L5 and Pupa
stages and the complete life cycle of Heliconius ethilla, in which, the L3, L4, L5 and Pupa stages are represented
respectively in (A), (B), (C) and (D), and the complete life cycle is represented in (E). The dots represent the
means and the error bars represent the 95% confidence intervals.
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Fig. 3. Graph of the adult size of Heliconius ethilla with the increasing concentration of SPM.
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Parameters | Estimate | Std. error | tvalue | p-value

30.8255 1.4674 21.007 |9 x p—16

—17.4639 | 3.9082 | —4469 | 1.6« F—24

30.8255 1.4674 21.007 | 0.02199

Table 1. Results of the negative exponential function of three parameters (a, b and c) of the size of the adults
versus SPM concentration, with standard error (Std. error), t value and p-value.
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Graph of the weight of the pupa of Heliconius ethilla with the increasing concentration of SPM.

Parameters | Estimate | Std. error | tvalue | p-value

213.7489 | 24390 | 8.764 2.99 « B9

—436.505 | 97.090 | —44.960 | 1 18 x B4

0.858 0.2824 3.039 0.00523

Table 2. Results of the negative exponential function of three parameters (a, b and c) of the pupa weight versus
SPM concentration, with standard error (Std. error), t value and p-value.
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Fig. 5. Graph of the Mortality of the individuals of Heliconius ethilla with the increasing concentration of SPM.
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Logistic regression | Estimate | Std. error | z value | p-value

Intercept 22952 [0.8076 [3.709 |92.08 x B4

Concentration —0.933 |0.2178 —4.286 | 1.82 % E*5

Table 3. Results of the logistic regression function of the survival of the caterpillars of Heliconius ethilla versus
SPM concentration, with standard error (Std. error), z value and p-value.

Parameter | Stage | X-Square Value p-value
L3 0.35261 0.5526
L4 0.0026322 0.9591
L5 13.4706* E~% |1
Pupa | 45033 « £51 | 1

1(x)

L3 0.067353 0.7952
L4 0.19303 0.6604
p(x)
L5 0.38624 0.5343
Pupa | 1.5617 0.2114
L3 123293« F30 |1
L4 139958« 30 |1
q(x)

L5 135037« E %0 |1
Pupa |2 1178 x F3! |1

L3 4.0891 0.04316
L4 43941 0.03606
e(x)
L5 3.2239 0.07257

Pupa | 23482 E~3! |1

Table 4. Results of the Proportion Test of the I(x), p(x), q(x) and e(x) of the stages L3, L4, L5 and Pupa with
X-Square Value and p-value.

tests comparisons, showed that there were no differences between the control and treatment groups (new p-value
=10.003125). Despite the absence of detectable variations in the life table parameters, as there were no substantial
differences in the p(x), q(x), 1(x) and e(x), noteworthy distinctions did emerge in terms of developmental time,
mortality, pupal weight and body size.

Discussion

Various mortality factors can interact, potentially resulting in additive or antagonistic changes in mortality™.
Most larval mortality occurs during the first instar and the causes of this mortality are often unclear. Neonates
must promptly establish feeding sites shortly after hatching®-2, and have to deal with a variety of challenges,
including leaf hairs and trichomes®, surface waxes®, hard plant parts®, laticifers, glands or tissues filled with
allelochemicals®®-%, as well as potential threats from predators® and leaf micro-flora, which is comprised by
bacteria, fungi and other microbes’®’!. The larvae, especially those reared in captivity, are more susceptible
to infections from viruses and bacteria’?. Additionally, plant pathogens may also alter host quality”®. Extreme
weather conditions, such as storms, have also been observed by Gilbert, L.E. (1975) as a contributing factor to
population regulation in Heliconius species.

The food stress induced by increasing SPM concentrations likely reduced growth rates and prolonged
developmental periods. According to Bauerfeind and Fischer (2005) the food stress during larval stage
significantly reduces the Lepidoptera growth rate, pupal and adult mass, and prolongs the larval development
time in Lepidoptera. They suggested that Lepidoptera larvae facing food stress compensate for temporarily
reduced nutrient intake by extending the larval period. That result is believed to be universal and generally
predicted by life-history models’*~”7. Tan, Y.Q and collaborators (2018) also observed in their experiment using
haze smoke, that larvae exposed to smoke took longer time to reach the pupal stage compared to the larvae in the
control group. Moreover, the authors also observed that the smoke reduced the probability of larvae surviving
to the pupal stage and, consequently, to butterfly emergence’®. In addition, Bauerfeind and Fischer (2005) also
observed that larval food limitation not only had negative effects on the growth rate and longer developmental
duration but it also led to a reduction in the fecundity and reproductive rates, mediated through a reduction in
body size.

Although we do not use fecundity or reproductive rate, based on the observation of these previously
mentioned authors and comparing with what we observed in our experiment with H. ethilla, we can infer a
reduction in the fecundity and natality rate due to the reduction in the body size, probably because the smaller
the body, the smaller the space to produce eggs and also due to what Sildanchandra and Crane (2000) said about
the increasing appearance of developmental abnormalities and decreased hatchability. Tan, Y.Q and collaborators
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(2018) also observed that the pupae from individuals reared on smoked-plants were also smaller than the ones
reared on plants not exposed to the haze, indicating that the smoke affected pupal weight. SPM similarly reduced
larval survival and pupal emergence and also caused the developmental abnormalities, aligning with previous
findings. Based on these observations, we can expect consequently, negative effects on the long-term species
survival, particularly in a scenario in which air pollution concentrations is increasing over time, including SPM
and other components of air pollution.

The reduction in pupal weight with increasing SPM concentration suggests that adults will also have a
reduced size, with potential implications for fecundity. Comparing these effects observed by Bauerfeind and
Fischer (2005) and based on our observations on the survival rate and reduction in the pupal weight and
speculations about the fecundity and natality rates it could be expected that H. ethilla would experience similar
effects observed by Bauerfeind and Fischer (2005) and Sildanchandra and Crane (2000). Consequently, our
results and speculations allied with the observations of these authors previously mentioned, may indicate a
reduction in the population size of the species and consequent decrease in the chances of long-term survival
due to the increase in mortality at different stages of life and probable reduction in the reproduction and natality
rates. Mulder and collaborators (2005) demonstrated that the butterflies and their host plant species have low
tolerance to pollution, highlighting a correlation between the sensitivity of the butterflies and their hosts. These
same authors emphasised the potential coexistence of indirect effects of the pollutants on the adult butterflies
and a direct effect of xenobiotics on the larvae. That's what H. ethilla could be facing.

Based on the results and the discussion, it is evident that sedimentable particulate matter (SPM) substantialy
and negatively influences the population dynamics and life history traits of H. ethilla, a butterfly species
found in the southeastern region of Brazil. Our study observed a reduction in the survival rates, longer time
of development, and decreased pupal weight as SPM concentration increased. These findings are consistent
with previous research on other Lepidoptera species facing food stress and exposure to pollutants. The lower
survival rates and extended developmental periods observed in the treatment group suggest that the presence of
SPM in the environment, creates food stress for H. ethilla larvae. As observed in similar studies, the larvae use
compensatory mechanisms, extending their development period to counteract reduced nutrient intake caused
by pollution. This response holds important implications for the overall fitness and reproductive success of the
butterfly population. It is highly possible that the observed reduction in pupal weight will mean the individuals
will have smaller adult sizes, which, in turn, could lead to reduced fecundity and natality rates.

Beyond the lethal effects, observed mostly and more abruptly in higher concentrations of SPM, even in
lower concentration mortality occurred. Sublethal effects that arise in lower concentrations of SPM can be many
times underestimated, but they still cause long-term mortality. The consequences of these effects could be severe
on the long-term, potentially leading to a decline in the population size of H. ethilla. In a scenario where air
pollution continues to increase over time, the observed mortality at different life stages, coupled with reduced
reproductive potential, could concatenate and intensify, ultimately threatening the long-term survival of this
butterfly species. This aligns with similar studies, highlighting the low tolerance of butterflies, their host plants,
and their sensitivity to pollutants. The coexistence of indirect effects on adults and direct effects on larvae due to
xenobiotics underscores the complex challenges H. ethilla faces in its environment.

The investigation we did is extremely vital given the lack of information on the decline of insect in South
America. Most data on the decline of insects comes from the Northern Hemisphere’®, mostly from countries
from Europe and North America, since those regions have the most comprehensive historical records that allow
comparisons of biodiversity on a temporal scale®’, while there is a noteworthy taxonomic and geographic’® data
availability gaps for the Southern Hemisphere®!, which includes South America, since it has the most incomplete
inventory for insects’®, even though the region hosts essential habitats that are considered global biodiversity
hotspots®2.

In conclusion, our findings highlight the significant negative impact of sedimentable particulate matter on
the survival, development, and reproductive potential of H. ethilla. As air pollution continues to be a growing
concern in urban and natural environments, these findings emphasize the importance of addressing pollution
mitigation strategies to protect not only H. ethilla but also other sensitive species that rely on similar habitats not
only in the southeastern region of Brazil, but also all around the World.

Methods

Experimental setup

The bionomic data of Heliconius ethilla were collected at the Entomological and butterfly house within the
Laboratory of the Environmental Education Center of a Siderurgical Industry, located in the municipality of
Serra, Espirito Santo, Brazil. To determine the viability and the time of development of the eggs until the adult
emergence, eggs were collected and kept in air-conditioned chambers (B.O.D.) at 254-0,3°C with a photoperiod
of 12 hours until adult emergence, if there was any adult emergence. We started our experiment with 3255 eggs,
from which 69 stage 3 caterpillars were randomly separated from the control group as the treatment group and
the 732 remaining stage 3 caterpillars were maintained as the control group.

In this study, we employed the American Society for Testing and Materials (ASTM) method, specifically
the Standard Test Method for Collection and Measurement of Dustfall (Settleable Particulate Matter) denoted
as ASTM D1739 - 98 (reapproved on 2004), for the collection of settleable particulate matter used in our
investigation. We monitored for six months the deposition of Sedimentable Particulate Matter (SPM) and
applied standard gravimetric analysis to determine the mean daily rate deposition of SPM in the environment
applying the following formula:

Q= Bxm)/t*xmx* (D/Z)2
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Where:

Q is the sedimentable dust rate in milligrams per square centimeter for a 30-day collection period.

m is the mass of collected dust in milligrams.

t is the period of collection in days.

D is the assumed diameter of the collection flask, set to 100 millimeters.

This formula allows the quantification of the sedimentable dust rate per unit area, taking into account the mass
of collected dust, period in which happened the dust collection, and the assumed diameter of the collection flask.
The use of milligrams ensures a more precise resolution of the mass measurement, and the result is presented in
milligrams per square centimeter to standardize the rate over the assumed collection area.

The six sedimentable particulate matter collection points were independently installed by us near the
locations of the automatic atmospheric air quality monitoring network in the Greater Vitdria region, managed
by the Instituto Estadual de Meio Ambiente e Recursos Hidricos (IEMA). The specific location of the points
and the map of the region can be seen in Fig. 6. No physicochemical analysis were carried out because the
composition of sedimentable particulate matter (SPM) in the atmospheric air surrounding steel industries is
a complex and presumed merging of solid and liquid particles that settle when air speed decreases. While the
specific composition of SPM can vary based on geographical location, industrial practices, and specific processes
within the steel production, common components include metallic particles such as iron, aluminum, zinc, and
lead, derived from metallurgical processes. Additionally, particles originated from the combustion of coal or
coke, including carbon, ashes, and related byproducts, contribute to the SPM formation. The emissions from
steel manufacturing processes, such as smelting and rolling, generate particulate matter usually composed by a
mixture of metal oxidated residues and dust.

The caterpillars were fed with Passiflora edulis Sims f. flavicarpa Deg. leaves (Fig. 7a), with SPM added to
the experimental group’s leaves before being offered to the caterpillars in an increasing concentration according
to the age of the caterpillar and the leaf, simulating the gradual deposition of this material in the environment.

Building the life tables

The life tables and graphs of the life cycle were elaborated with the data of mortality and survival of the
individuals of the control and experimental groups following the methodologies of Rockwood (2006), Bellows
Jr and collaborators (1992) and Gotelli (2009), where x indicates the stages of the life cycle (egg, five larval stages
designated from L1 to L5, pupa and adult); S(x) is the number of individuals at the beginning of each stage; 1(x)
indicates the proportion of the population surviving to stage x; p(x) is the probability of surviving stage and
q(x) is the probability of death. Additionally, the proportion of the population that lived until stage x which is
L(x), the proportion of the population that lived until stage x and in all subsequent phases which is T(x) and life
expectancy e(x) were also calculated. Based on the mortality and survival profiles of the life table data, the life
cycle charts were generated. Bellow are the formulas that were used to build the life tables:

Proportion of the population surviving to the stage (x):

l(xz) = Nz /No
Probability of surviving stage:

p(x) = Net1/Ny

Legend

[ Brazil
= State of Espirito Santo
@ SPM collecton points

Fig. 6. Map of Greater Vitdria with the location of the six collection points (red dots) of sedimentable
particulate matter. This map was created using Qgis 3.36.3.
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Fig. 7. Photos of the species of the plant and Lepidoptera used in the experiment. (a) Photo of Passiflora edulis,
(b) adult of Heliconius ethilla and (c) L5 stage caterpillar of Heliconius ethilla.

Probability of death:

Proportion of the population that lived until stage (x):
L(z) =1z + loy1/2

Proportion of the population that lived until stage (x) and in all subsequent stages:

T(x) = Ly + Lag1 + Lag2....Lagn

Life expectancy:

e(x) =Ty /1»

Although the Lepidoptera has 8 stages in total, we focused our investigation on L3 to L5 stages and Pupa stage
because various factors contribute to Lepidoptera mortality®®, including in Heliconius populations®. To avoid
unwanted and confounding death factors observed by many authors®®~72%3, since many sources are responsible
for the mortality and because the first meal taken by a larva is normally its own chitinous egg shell’?, we started
the treatment group with the third instar stage (L3). Additionally, this choice stems not only because of the
numerous mortality factors observed in their early stages, but also because starting from the third instar, the
caterpillars become slightly larger and more robust, making easy to handle them and reducing the risk of injury
on the larvae during manipulation. Furthermore, the chosen host plant belongs to the Passifloraceae family
and it exhibits a climbing growth habit, with its vegetative tips and initial leaves adopting contorted shapes to
adapt to the surrounding environment. Since new leaves emerge every three days, there is a correlation between
the optimal size of the caterpillar and the onset of a more horizontally positioned open leaf, presumed to mark
the beginning the sedimentable particulate matter deposition. The photos of the H. ethilla adult and L5 stage
caterpillar can be seen respectively in the Fig. 7b,c.

Statistical tests

We used the R platform v. 4.2.3%4 to (1) build the life tables and to adjust non-linear equation (negative exponential
function of three parameters) for the size of adults and the pupa weight with increasing concentration of SPM and
to (2) adjust the logistic regression to evaluate the survival of the caterpillars with the increasing concentration
of SPM. In our study, the selection of a three-parameter negative exponential nonlinear regression model was
driven by the nature of our data and the underlying biological processes being investigated. The choice of this
model was based on the observation that the relationship between the variables under consideration did not
conform to a simple linear or polynomial pattern. Instead, our data exhibited a declining trend with a rapid
initial decrease followed by a gradual leveling off. The three-parameter negative exponential model allowed
us to capture the non-linear decay pattern observed in our dataset. The three parameters (a, b and ¢) provided
flexibility in fitting the model to the intricacies of the biological system under study. The parameter a determined
the initial amplitude of the response, b controlled the rate of decay, and ¢ accounted for any offset or residual
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baseline. We used Qgis 3.36.3 “Maidenhead”®” to build the study area map showing the sampling points of the
SPM.

Additionally, we also generated graphical representations with the ggplot2 package v. 3.4.2% of the
developmental time of the control and treatment groups of the L3, L4, L5 and pupa stages and complete life
cycles. From the results of the life table we also used R platform v. 4.2.3% to do proportion tests to compare if
there were differences in 1(x), p(x), q(x) and e(x). Since we did multiple comparison tests with the same data
we also used the Bonferroni Correction (new p-value = 0.003125) to be able to determine more accurately
the significance of the statistical tests applied. We also calculated the 95% Confidence Interval of the time of
development with which we used as a statistical method for comparison between the control and treatment
groups.

Data availibility
The original data is available and stored in the Google Drive in Google Sheet format provided in the following
link http://tinyurl.com/3h752tum
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