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Animals, like humans, act according to physiological patterns of behavior that change in  behavior,  animals,
response to various internal and external stimuli. Environmental pollutants represent stress, health,

“negative” stimuli and stressors. Air pollution is among pollution sources that pose the production
greatest threat to the environment and all living organisms. Exposure to pollutants causes
behavioral changes in animals and disruption of organ functions and structures, which
are often identical to those of humans working or living under the same conditions as
animals (e.g., on a farm or in a city). Aside from a shorter life span and possible
premature death, there are some diseases which commonly occur as a result of the
exposure. Symptoms indicative of a disease or irritation, such as coughing, lameness,
diarrhea, eye discharge and the like, cause the animal to make movements (actions) that
are not part of their normal physiological routine and are considered behavioral changes.
Behavioral changes are the earliest indicator that the animal is suffering from physical or
mental disorders that can negatively affect its health and, in the case of livestock,
production results. Various animal species serve as indicators of pollution, and domestic
animals, including farm animals, can also serve this purpose. Behavioral changes
resulting from exposure to various pollutants include disorientation, problems interacting
with humans and other animals, reproductive problems, respiratory, digestive symptoms,
etc. This review compiled data from a number of studies on changes in animal behavior
after short or long exposure to various environmental pollutants. The focus was on the
effects of air pollutants on animals, which are of particular importance to humans as they
share living or working space with the animals or breed them for economic interest.

INTRODUCTION

Animals, like humans, act according to physiological patterns of behavior that are manifested in one or a
combination of the following behaviors: social behavior, Kinetic behavior, reproductive behavior, feeding behavior,
exploratory behavior, hygienic behavior (including excretion, thermoregulation, and comfort behavior), territorial
behavior, reactivity, and behavior related to rest and sleep (Vucini¢, 2006). Each type of behavior is manifested
through different activities that are constantly changing: “overt” activities that can be detected by observation, such
as walking, sleeping, vocalizations, eating, etc., and “covert” activities that can be detected by instrumental methods
(physiological processes related to the functions of the brain, heart, and other organs controlled by the autonomic
nervous system), such as fluctuations in blood pressure (Milojevi¢ Apostolovi¢, 2012; Sam, 2013; Anon, 2021). A
change in behavior can be temporary or permanent, and it is seen as a change in an individual's behavior compared to
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a previous behavior (Bandura, 1977). Behavioral changes are a response of the organism to internal or external
stimuli (positive and negative), that is, to events within the organism or its environment. Symptoms that indicate
illness or irritation, such as coughing, lameness, itching, diarrhea, ocular secretions and the like, cause the animal to
make movements (actions) that are also considered behavioral changes.

Negative stimuli that cause behavioral changes act as stressors. Stressors include anything that the animal finds
unpleasant or life-threatening and that it cannot anticipate or control (e.g., sudden noise or predators). They trigger a
stress response that involves activation of neurological, endocrine, and immunological pathways, i.e., the
sympathetic-adreno-medullary (SAM) axis, the hypothalamic-pituitary-adrenal (HPA) axis, and the immune system
(Mifsud & Reul, 2018). This leads to physiological and behavioral changes to adapt the animal to the new situation,
and this in itself is not harmful to the organism. However, depending on the type, intensity, and the number of
stressors acting simultaneously, the duration of exposure, or the animal's condition, the stress response may become
maladaptive and harmful to the animal's organism (Broom & Kirkden, 2003; Temple et al., 2013).

Changes in common behavior patterns may indicate that the animal feels physical or mental discomfort. It is
particularly the case with chronic stress, which affects the health and welfare of the animal, its response to humans
and other animals, and, in the case of farm animals, production results (Reli¢ et al., 2012, 2014, 2016, 2019; Reli¢ &
Vukovi¢, 2013; Beaupied et al., 2022). For example, changes in behavior in dogs and cats and a decrease in dairy
cow production were observed from a few minutes to 6 days before the earthquake (Yamauchi et al., 2014). Pets fled
their normal environment or were frightened and stayed close to their owners. Dogs barked and/or howled and cats
frequently vocalized. They were restless, trembled a lot, tried to hide somewhere or wanted to be in a different place
than usual; they had no appetite and/or they had diarrhea and/or vomited. In rare cases, the animals also became
aggressive. The milk yield of dairy cows on a farm 340 km from the epicenter decreased four to six days before the
earthquake. All this was caused by the animals perceiving anomalies before the earthquake, such as electromagnetic
signals and abnormal sounds, etc. (Yamauchi et al., 2014).

Behavioral changes may also occur as a result of exposure of the organism to pollutants. A pollutant may be a
chemical substance (toxic metals, radionuclides, organophosphorus compounds, gasses, etc.) or geochemical
substance (dust, sediment), a biological organism or product (bacteria, viruses, etc.), or a physical substance (heat,
radiation, sound waves) that is intentionally or accidentally released by humans into the environment and has actual
or potential harmful, unpleasant, or nuisance effects. Environmental pollution can be classified as air pollution, water
pollution, land pollution, noise pollution, radioactive pollution, light pollution, thermal pollution, and so on.
Pollutants are environmental stressors (Jacquin et al., 2020). Aquatic organisms, insects, etc. are regularly used as
bioindicators of environmental pollution (Zaghloul et al., 2020). Sievers et al. (2019) found that insecticides increase
the frequency of abnormal swimming and reduce escape responses to simulated predator attacks in amphibians.
Small fluctuations in air quality force certain insects to relocate, affecting other plants and animals that associate
with them. Animals may relocate to a cooler location (if thermal pollution is present) or quieter location (if noise
pollution is present). And light pollution can negatively affect nocturnal animals and disrupt seasonal movements,
such as migration, as well as daily movements (Brown et al., 2023; Burt et al., 2023).

Domestic animals, including livestock, can also serve as biological indicators of pollution (Newman, 1975). Very
similar pathomorphological, as well as behavioral changes are often observed in humans living or working in the
same polluted environment as animals (Catcott, 1961; Beaupied et al., 2022). In this review, we summarize data
from a number of studies on changes in animal behavior following exposure to some environmental pollutants. In the
following text, the focus is on animal species that humans raise for economic or emotional reasons.

EFFECTS OF AIR POLLUTANTS ON ANIMAL BEHAVIOR

Air pollution is the biggest threat to the environment and all living organisms (Rhai, 2015) because pollutants from
the air can contaminate all surfaces (water, soil, plants, etc.). There is a long list of air pollutants, the most important
of which include carbon monoxide (CO), ammonia (NHs), nitrogen oxide (NO), nitrogen dioxide (NO,), ground-
level ozone (O,), particulate matter (PM), sulfur dioxide (SO,), and volatile organic compounds (VOC) (Heinecke,
2021; CDC, 2022). Pollutants can be carried by air currents to areas far from their point of origin. They may fall
directly on land and water surfaces (“direct” deposition) or they may run off contaminated land and enter
downstream waters (“indirect” deposition). Deposition can occur in wet or dry forms. Wet deposition includes rain,
snow, sleet, hail, or fog, while dry deposition includes gasses, dust, and particulate matter. Chemicals deposited in
aquatic ecosystems can re-volatilize and be further dispersed through the atmosphere. In the atmosphere, pollutants
can also be converted to other chemicals, some of which are more significant than those originally released into the
atmosphere. Conversion to other chemicals can occur when pollutants are deposited and migrate through watersheds
(Swackhamer et al., 2004).
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Air pollution can cause animals to change their behavior in several ways. For example, it can cause birds to sing less
or bees to leave their hives, or it can alter the migration patterns of some animals (Penque, 2023). Some animals,
such as dairy cows, do not immediately respond with significant behavioral changes to poor air quality, but these
conditions affect milk quantity and quality (Beaupied et al., 2022).

Effects of smog

Interest in the effects of air pollution on animals has generally evolved from concerns about its effects on human
health, which began in the early 20th century (Beaupied et al., 2022). Several air pollution disasters resulted in
apparent deaths and illnesses in humans as well as in pets and farm animals (Catcott, 1961). In the smog incident in
Donora, USA (1948), hydrogen fluoride and sulfur dioxide emissions from two steel plants were trapped in a layer of
colder air near the surface. Harmful compounds formed in the air (sulfuric acid, nitrogen dioxide, fluorine, and other
toxic gasses) mixed with fog and hung over the city for five days until the rain ended the weather situation (McPhee,
2023). Dogs were the most susceptible species and reacted with three syndromes. The respiratory syndrome was the
most common, and it was manifested as coughing, sneezing, conjunctival congestion, dyspnea, and nasal discharge.
The digestive syndrome occurred with vomiting, retching, and diarrhea. The third syndrome was manifested as
anorexia, which occurred with or without lassitude. With the exception of fatal cases, the disease lasted three to four
days in dogs. Death also occurred in some cats, cattle, and poultry in Donora, after a short period of illness with
symptoms similar to those in dogs. The predominant symptom in cows was coughing (Catcott, 1961).

Sunlight, nitrogen oxides, and volatile organic compounds in the atmosphere can produce a “photochemical smog” in
a chemical reaction characterized by formation of highly toxic ozone. This type of smog is often referred to as
summer smog (or Los Angeles smog) because it is more common in sunny urban areas with a large number of cars
(Britannica, 2023). This pollution was associated with eye irritation and upper digestive tract irritation in dogs and
pet birds in Los Angeles in 1954 (Catcott, 1961). In addition, Dey et al. (2023) found that the rate of dogs biting
humans in urban areas increased with increasing temperature and ozone exposure (and higher UV irradiance). Ozone
is not thought to cross the membranes of the respiratory tract and lungs. Exposure to ozone triggers the release of
several neurotransmitters and activation of the HPA axis. Thus, behavior may be influenced by a general stress
response to pollutants triggered by inflammatory second messengers in the lungs, but also by effects on the brain.
Frequent exposure to small doses of ozone, which occurs in days with high levels of air pollution, leads to a state of
chronic oxidative stress. As a result, changes occur in neuronal tissues, leading to alterations in learning and memory
mechanisms, death of neurons, and loss of brain repair capacity (Bello-Medina et al., 2022; Baumann et al., 2023;
Dey et al., 2023). Ozone can also induce an inflammatory response in the central nervous system (Guxensa &
Sunyera, 2012). Neuroinflammation in brain tissue can trigger increased aggression and impulsivity (Xu et al.,
2021), but also depression (Troubat et al., 2021). Therefore, dogs, similar to humans, may behave more aggressively
on hot, sunny, and smoggy days.

The damage to neurons caused by particulate matter, especially in fetuses and infants, can lead to permanent brain
damage or neurological disorders in adulthood (Santos et al., 2021). In a comparative study by Calderdn-
Garciduefias et al. (2008), children with no known risk factors for neurological or cognitive disorders who lived in a
polluted urban environment had significant cognitive deficits. Fifty-six percent of the children tested from Mexico
City had hyperintense lesions of the prefrontal white matter, and similar lesions were also observed in dogs from the
same city (57%). In another comparative study, epidemiological and animal data suggested that short-term exposure
to air pollution can trigger nonspecific abdominal pain in young individuals (Kaplan et al., 2012).

Effects of air pollution on game and fish

Air pollutants can harm wildlife by disrupting endocrine function, damaging organs, increasing susceptibility to
stress and disease, reducing reproductive success, and causing death (Newman, 1975). Fertility problems are a
common behavioral consequence of exposure to air pollutants in wild animals in general. Basically, environmental
pollution (e.g., from chemicals, light, heat, noise) can negatively affect animal communication and behavior — the
signaling environment, and how animals produce, perceive, and interpret signals and cues. Such disruptions,
especially during mating, can drastically alter the selection of a suitable mate. Environmental changes caused by
pollution can directly affect individual mating decisions and mate choice. Environmental pollution that affects the
behavioral, morphological, and physiological characteristics of individuals can alter mating rates. Environmental
pollution can influence investment in mate choice through effects on food intake, metabolism, body condition, and
mate-seeking motivation (Candolin & Wong, 2019).
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Mercury is one of the most harmful pollutants to which fish and wildlife are exposed. This pollutant can be released
into the atmosphere by incineration of household waste, burning of high-sulfur coal (containing cinnabar, HgS) in
coal-fired power plants, metal smelting, chlor-alkali plants, cement production, and gold mining, and use of mercury-
based fungicides in latex paints and in the pulp and paper industry. Monomethylmercury (MMHg) is the most toxic
form of mercury, resulting from the transformation of mercury by microbial activity in lakes or wetland sediments.
MMHg diffuses into the water column. When ingested by fish, it accumulates in their muscle tissue. Negative effects
on reproduction have been documented in fish, fish-eating wildlife, and humans (Swackhamer et al., 2004). Fish
have difficulty schooling (a behavioral strategy for protection from predators in which all fish move together in the
same direction, at the same speed, and at the same time) and less success in spawning. Exposed birds lay fewer eggs
and have problems raising their chicks. In mammals, motor skills are impaired, affecting their ability to hunt and find
food (NWF, 2023). All of these impacts combined pose a serious threat to wildlife survival.

Mercury concentrations increase with each stage of the food chain. As a result, large predatory fish, such as trout,
can have mercury levels more than a million times higher than the surrounding water. Humans and wild animals that
consume fish or other species with high mercury levels are, in turn, at risk of serious health problems (NWF, 2023).
Mercury causes neurological, liver, and kidney damage, as well as adverse effects on neurodevelopment in children
(Swackhamer et al., 2004)

Many contaminants affect the cognitive performance of fish, with possible cascading effects on fitness, i.e., the
ability of organisms to survive and reproduce. For example, aluminum contamination impairs the learning ability of
Atlantic salmon Salmo salar, with serious consequences for the fish's ability to learn and remember information to
escape predators, find food and mates, and avoid polluted areas and food (Jacquin et al., 2020). Effects of pollutants
on courtship include a decrease or increase in the frequency of courtship, a longer duration of courtship, or the
performance of male-like behaviors by masculinized females. Effects on parental care include decreased activity in
nest building, decreased defense of offspring, or changes in the allocation of parental care between the sexes (Jones
& Reynolds, 1997). Various compounds, such as surfactants, metals and pesticides, can damage the chemoreceptors
and olfactory function of fish (Michelangeli et al., 2022).

In recent years, special attention has been paid to research on the effects of microplastics (MPs) on humans and
animals. Due to the small size of the particles (< 5 mm), MPs are rapidly spread by wind and water. As a result, the
particles are found in the air, soil, water, polar ice, deep ocean, and living organisms (Fackelmann & Sommer, 2019).
MPs are often carriers of other pollutants, such as heavy metals (HMs). MPs can not only increase the accumulation
of HMs in bodies, but also affect feeding-related movements, avoidance behavior, and swimming ability of fish
when HMs are present. For example, fish may show drowsiness and unstable swimming, signs of rapid fatigue,
decreased swimming speed, inhibited hunting ability, etc. (Chen et al., 2023).

Effects of indoor air pollutants

The air in livestock facilities often contains elevated concentrations of carbon dioxide (CO,), carbon monoxide (CO),
ammonia (NHj3), hydrogen sulfide (H,S), and other harmful gasses that, together with increased humidity, dust, and
high temperature, create very poor environmental conditions (Hristov & Reli¢, 2001; Buoio et al., 2023). Workers in
animal facilities are exposed to the same increased levels of gasses, or the dust particles from feed and manure as the
animals (Pickrell, 1991).

NHs, H,S, volatile organic compounds (VOCs), and other compounds can contribute to odors in livestock facilities.
Odor is a nuisance and it is primarily related to human health concerns. However, Arnold et al. (1980) found that
some odors from hay significantly affect sheep feeding behavior. Even if not toxic, odorous gasses can cause
respiratory distress, decreased food intake, nausea, and psychological stress, which can lead to mental disorders in
humans and anxiety and decreased productivity in animals (Hristov & Reli¢, 2001). For this reason, air pollution in
livestock operations is generally considered a health risk, a stressor that can affect animal welfare. It also affects the
health of farm workers and can affect workers' satisfaction with their job, which is inversely proportional to the
welfare of the animals (Ni et al., 2021). The adverse effects of air pollutants on livestock workers are mainly
associated with respiratory and cardiovascular diseases (Buoio et al., 2023).

Carbon dioxide is an odorless gas which is produced, among other ways, by the body's metabolism and it is a normal
component of exhaled air. CO, concentrations in normally operated barns for livestock with minimal ventilation can
exceed 6,000 ppm in winter (Ni et al., 2021), while the recommendation is to stay below 3,000 ppm. During
prolonged stays in the barn with elevated CO, concentrations, animal productivity initially decreases, respiration
becomes noticeably deeper and more frequent during rest, and animals experience dizziness and unconscious at high
concentrations. CO, causes death by asphyxiation at a concentration of 30,000 ppm (Buoio et al., 2023).
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Carbon monoxide (CO) is also an odorless, nonirritating gas produced by incomplete combustion of carbonaceous
fuels (from unventilated kerosene or propane heaters, gasoline engines, automobile exhaust, or fumes from carbon-
based fuel heating systems). CO binds to hemoglobin, preventing it from absorbing oxygen, resulting in hypoxia and
cognitive impairment. The occurrence of headaches in humans is significantly related to exposure to CO and NOXx
(Xu et al., 2021). Depending on the concentration and duration of exposure to CO, animals may experience the
following symptoms: drowsiness, weakness, lethargy, respiratory distress, seizures, abortions in pregnant animals
especially in late gestation, depression, deafness, uncoordinated movements, coma, and death. Symptoms of chronic
exposure to lower concentrations of CO include: nausea, hyperacidity of the blood, vomiting, cough, flu-like
symptoms, loss of physical performance, gait disturbance. Newborn piglets exposed to high concentrations of carbon
monoxide (250 ppm) take longer to nurse for the first time and have a poorer ability to orient, maneuver, and explore
their surroundings (Morris et al., 1985). CO poisoning in dogs may be manifested by sudden or unusual behavior,
such as aggression (toward children and other animals) or timidity (more fearful of noises), resistance or refusal to
enter the house after being outside, vomiting, uncoordinated movements, drowsiness, difficulty breathing, unusual
intolerance of exercise in which they normally participate, with bright cherry red lips, ears and gums (Anon., 2009).
Hydrogen sulfide most commonly occurs in the highest concentrations in swine barns, especially those with
underfloor slurry pits. Dairy facilities generally have higher H,S concentrations than poultry facilities. This gas is
toxic and can be lethal in high concentrations, often leading to sudden illness, injury, or death (Ni et al., 2021).
Exposure to a low concentration of H,S causes headache, fatigue, and irritation of the mucous membranes of the
eyes, nose, and throat. Repeated exposure could increase human and animal susceptibility to this gas. Death of
animals and humans in livestock facilities has been noted after exposure to higher concentrations of H,S (Liu et al.,
2017).

Concentrations of ammonia and dust are the highest in poultry houses, followed by pig houses and cow barns (Ni et
al., 2021). NH; has a strong irritating effect and damages mucous membranes even in low concentrations. If they can
choose, farm animals prefer to stay in an environment where ammonia concentrations are lower (Jones et al., 2005).
The lowest detectable concentration of NH3 is 5 ppm, but as little as 6 ppm can cause respiratory and visual system
discomfort in humans. Animal productivity can be affected at concentrations as low as 11 ppm. The United States
Environmental Protection Agency (EPA) considers that exposure to 35 ppm for only 10 minutes is safe for humans.
Concentrations of 40-50 ppm NHj; can cause headaches and nausea in humans, and loss of appetite and decreased
productivity in animals. In animals, NH; concentrations of 100 ppm can cause sneezing, salivation and discomfort of
the mucous membranes. Concentrations of 300 ppm or higher pose a direct threat to human health and life
(Moshayedi et al., 2023).

In addition to direct effects, NH; also contributes significantly to the particulate matter fraction (PM2.5), which can
penetrate deep into the lungs and cause long-term diseases (Wyer et al., 2022). Poor air quality in poultry houses
with elevated NH; concentrations may be a trigger for the occurrence of damaging behaviors in laying hens, such as
feather pecking (Reli¢ et al., 2019; Michel et al., 2022). This is likely due to the fact that elevated ammonia levels are
correlated with increased levels of stress hormones and possibly behaviors indicative of stress (Drake et al., 2010).
Chronic exposure to elevated ammonia levels resulted in lower live weight gain in broiler chickens (Jones et al.,
2005).

Dust concentrations are usually the highest in poultry and pig houses, followed by cattle barns. Dust alone has
harmful and irritating effects. A combination of dust and acid gasses forms the finest and most dangerous particles
(Ni et al., 2021; Buoio et al., 2023). Dusts of concern in livestock habitats include PM10 (particulate matter with a
size of 10 um and smaller), PM2.5 (particulate matter with a size of 2.5 um and smaller), and TSP (total suspended
particulate matter). The effect of dust is usually related to pulmonary lesions. In an outbreak of cough in pigs, it was
called “dust disease” in the United Kingdom (Ni et al., 2021). Ambient air pollution, especially PM2.5, is positively
related to somatic cell count (SCC) and negatively related to milk production in dairy cows (Beaupied et al., 2022).

CONCLUSION

Animals are exposed to environmental pollutants just as much as humans, and in some cases even more so. Although
the sensitivity of animals to individual pollutants is not the same in all species, almost all pollutants can result in
death of the animal, preceded by more or less noticeable changes in behavior, a decline in production, increased
susceptibility to stressors and diseases, reduced reproductive success, damage to the respiratory system, neurological
problems, etc. Changes in common behavior are the first sign that the animal is uncomfortable in the environment it
is in and it should not be ignored. In environments where both people and animals are present, a change in animal
behavior may indicate that these conditions are not suitable for people, either. This is especially true on farms where
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a certain air quality is considered normal (or at least unavoidable) under production conditions, and its importance to
the animals is usually ignored by breeders because of the short life span of the animals.
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