
Chapter 13
Arsenic, As

Łukasz J. Binkowski

Abstract Arsenic is a semimetal that forms a part of more than 200 minerals. In
many places of the world concentrations of arsenic in water are high, which is an
issue of high importance in connection with human health. It has three allotrope
forms; the gray one is the most common. Among numerous arsenic isotopes only 75

As is stable. The element is produced mainly in the form of a trioxide. Arsenic is
used in electronic, metallurgy, pesticides, and defoliants. The most common use is in
the production of wood preservatives (which, along with fossil fuel combustion,
represents the largest anthropogenic arsenic source in the environment). In some
parts of the world arsenic compounds are used as a supplement in poultry farming.
Recent research also shows its potential use in medicine. Arsenic toxicity depends on
its form (organic and inorganic), as well as on its oxidation state, solubility, and
species exposed. In the body, the methylation of its inorganic form takes place
mainly in the liver. Following exposure to arsenic, it can be found in various tissues,
organs and materials, as kidneys, blood, lungs, feathers, hair, and fur, but mainly in
the liver. Arsenic bioaccumulation is low, and biomagnification is still questioned in
terrestrial ecosystems. Some biomarkers of exposure, apart from concentration
measurements (especially in urine, blood, hair, fur, and feathers) may be used.
Among internal tissues, the liver is the most commonly studied.

1 Introduction

Arsenic (chemical symbol As) is a metalloid (semimetal), but it is commonly
included in the list of “heavy metals” based upon its toxicity (IUPAC 1971; Duffus
2002). As a semimetal it presents some properties of metals and nonmetals. It is a
component of numerous minerals and reaches a concentration of 2 mg kg�1 in rocks
(Mandal and Suzuki 2002). Arsenic’s main toxicity combines with its inorganic
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forms occurring in groundwater in many places around the world, including more
than 70 countries (Ravenscroft et al. 2009). This is the main reason for the global
interest in As occurrence, availability, and exposure.

Arsenic, along with its compounds, has been widely used in industry and
agriculture. It has found primary application in wood preservatives, insecticides,
and poisons (Rahman et al. 2004). It has been also used in medical treatment,
pharmaceuticals, and even in supplementation in animals (Jones 2007). Other
applications include alloy production, glass processing, and the production of semi-
conductors, ammunition, batteries, pigments, paper, and metal adhesives. Elevated
As concentrations in organisms cause poisoning and stimulate cancer development
(IARC 2012). However, numerous studies also reveal that As deficiency in the diet
of birds and mammals causes physiological disorders, especially with respect to
methionine metabolism (Uthus 2003).

2 General Properties

Arsenic (Lat. Arsenicum) lies between germanium and selenium in the nitrogen
group (pnictogen) of the periodic table. Its atomic number is 33 and atomic weight is
74.9 Da (Haynes 2014). Among the three As allotropes, the most stable is the gray
form (also called α-crystalline). A yellow cubic form is less stable and after warming
reverts to the basic form. The black β form is also stable. The density of the gray
form is 5.73 g cm�3, and its melting temperature is 817 �C; sublimation occurs at
616 �C (Norman 1998). Generally, 29 As isotopes have been identified (64As–92As).
However, some scientists include an additional four (60As–63As). The only isotope
considered stable and naturally occurring is 75As and due to that fact As is often
treated a monoisotopic element.

Arsenic occurs in four oxidation states: �3, 0, +3, and +5 (Adriano 2001). In
nature, two major groups of As compounds occur, inorganic and organic (Lunde
1977; Andreae 1978). Compounds with the element on +3 (arsenite) and +5 (arse-
nate) oxidation levels dominate (Andreae 1978; Morita and Edmonds 1992; Rosen
2002). Apart from those, compounds as arsines and methylarsines with As on the�3
level also occur, but they are unstable in the air. Free arsenic As(0) is rarely
encountered in nature (Eisler 1988). In terms of As use and application, the most
important form is As trioxide (As2O3).

3 Arsenic Minerals, Production, and Uses

Arsenic constitutes a part of more than 200 minerals, of which 60% are treated as
mainly As ones (Kabata-Pendias 2011). The most common are arsenopyrite
(FeAsS), arsenolite (As4O6), loellingite (FeAs2), orpiment (As2S3), and realgar
(AsS). Arsenic also occurs in ores of other metals (such as iron, nickel, cobalt, and
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copper) and reaches high concentrations in sulfide deposits: arsenides (27 minerals),
sulfides (13 minerals), and sulfosalts (65 minerals) (Adriano 2001; Hammond 2004).

Arsenic is produced mainly in the form of As2O3 (most reports present production
data expressed in terms of this compound’s values). Main global As production in
2015 was estimated at 36,000 metric tons (Fig. 13.1). For many years, largest
quantities of As2O3 were produced (expressed in metric tons) in China (25,000),
Chile (10,000), Morocco (7500), and Russia (1500) (USGS 2015, 2016). The USA
has not produced As since 1985 (USGS 2011). At present, As2O3 is produced
mainly by volatilization during the mining and production of other elements.
Probably only China still mines As ores intentionally (Grund et al. 2005). Metallic
As is produced in significantly smaller quantities, but detailed data are not available
(USGS 2015). Of the total As imported by the USA, no more than 4% is in metallic
form, which is usually produced by the reduction of ores or As2O3 with coal
monoxide (Mandal and Suzuki 2002; Solo-Gabriele et al. 2003; USGS 2006).

The metallic form is used in electronics and nonferrous alloys. As2O3 has been
used mainly in agriculture and forestry as an ingredient of pesticides and defoliants.
The most common use is in wood preservatives (most often chromated copper
arsenate, CCA) (USGS 2006). Since the 1980s among various As pesticides only
CCA was still approved for use. This is why, in the 1990s, more than 80% of total As
in the USA was used as a wood preservative (Solo-Gabriele et al. 2003). In 2004 the
US Environmental Protection Agency (EPA) introduced a ban on CCA use for
residences, led to a drastic decrease in CCA consumption (Jones 2007). Arsenic
compounds have also been used as feed additives for poultry, which resulted in

Fig. 13.1 Dynamic of arsenic trioxide (As2O3) production between 1950 and 2015 (USGS 1950,
1955, 1960, 1965, 1970, 1975, 1980, 1985, 1990, 1995, 2000, 2006, 2011, 2015)
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increased growth rates, improved feed spent, and better pigmentation. However,
because of As’s toxicity, As compounds were withdrawn from use in the European
Union (EU) in 1998. In the USA they are still in use (Nachman et al. 2005, 2013).

Arsenic is known in history as one of the most commonly used poisons for
homicidal and suicidal purposes (Mandal and Suzuki 2002). However, previously,
around the world but still in many countries today, As and its compounds were
widely used in medicine, especially in treatments of syphilis, various parasitic
infections, amoebic dysentery, and trypanosomiasis. In the second half of the
twentieth century it was also used in stomatology, where As2O3 was applied to
devitalize the dental pulp (Aso and Abiko 1978). Now recent research has shown the
efficiency of As compounds in the treatment of relapsed or refractory acute
promyelocytic leukemia (Shen et al. 1997; Antman 2001; Firkin 2014).

4 Arsenic in Nature: Geogenic and Anthropogenic Sources

Arsenic is the 20th most abundant element in the Earth’s crust, with an average
concentration of 0.00005% (Mandal and Suzuki 2002). A natural source of As in the
environment is volcanic activity (USGS 2011). Its concentrations in rocks vary
significantly around the world and in some geographical regions reach high values
(Duker et al. 2005). Arsenic’s highest concentrations are found in sedimentary rocks,
especially clayey ones (Fig. 13.2). In some offshore areas, claystone concentrations
run as high as 490 mg kg�1.

In river sediments, As concentrations are even higher—up to 4000 mg kg�1

(Mandal and Suzuki 2002). The element occurs in almost all soil types and other
environmental matrixes, but its major repositories are aquatic systems (Adriano
2001; Smedley and Kinniburgh 2002; Nordstrom 2002; Kabata-Pendias 2011;
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Fig. 13.2 Average arsenic concentrations in fossil fuels and rocks (data from Kabata-Pendias and
Pendias 1999)
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Magellan et al. 2014). Arsenic occurrence in soils is strictly connected with the
initial material from which soils were formed, and As’s form depends on many
factors, including oxidation, pH, and microbial activity (Xu et al. 1991). Background
As levels in various soils usually do not exceed 10 mg kg�1 (Kabata-Pendias 2011).
However, owing to the common use of pesticides and other As products, concen-
trations found in agricultural soils are much higher, even up to 2500 mg kg�1 in
Japan, the UK, and the USA (Adriano 2001; Kabata-Pendias 2011).

Arsenic is released from soils and rocks into the atmosphere by high-temperature
processes and erosion. Later these forms are dispersed with the air on land and in
water. However, the most dangerous geogenic exposure to inorganic As (the most
toxic form) of humans and animals is through drinking groundwater in a number of
places around the world, such as Mexico, the USA, Argentina, Chile, Bangladesh,
India, and China (Welch et al. 2000; WHO 2010). The biggest problem is in the
Bengal Basin (in Bangladesh and partially in India), where almost 60 million people
drink water that contains elevated As levels. One million people have already
developed strong symptoms of arsenicosis (Henke 2009).

Among fossil fuels, coal has relatively high As concentrations, within a range of
5–15 mg kg�1. Petroleum’s concentrations are lower, 0.005–0.14 ppm, with an
average value of 0.07 ppm (Fig. 13.2). Concentrations usually found in gasoline
fall within a range of 0.02–2 ppm (Kabata-Pendias and Pendias 1999). Fossil fuel
combustion and metal smelters are the main anthropogenic As sources next to
pesticides and wood-preservative run-off (USGS 2015). In the EU a recent decrease
in such activities resulted in a 68% reduction of atmospheric As emissions in the
period 1990–2013 (EEA 2016). However, a substantial part of industry still depends
on coal combustion, which is linked with As emissions, mainly through particulate
matter. Arsenic is observed mainly in the air in the form of arsenites and arsenates.
The exceptions are areas where pesticides based on other As forms are sprayed
(Davidson et al. 1985). The lowest air As concentration was observed over the South
Pole (0.007 ng m�3) and Spitsbergen (0.01–1.5 ng m�3) (Kabata-Pendias and
Pendias 1999). Arsenic concentrations in certain American cities average 2 ng m�3

(Chen and Lippmann 2009). Average concentrations in remote areas in the USA
were estimated to fall within a range of 1–3 ng m�3, in urban areas 20–100 ng m�3,
and in industrial areas 70–770 ng m�3 (ATSDR 2007a; Geiger and Cooper 2010).
Arsenic concentrations in Europe are generally low, and the EU As target value in
ambient air was established at a level of 6 ng m�3 (EU 2005, 2008; Strincone et al.
2013; Guerreiro et al. 2014).

Arsenic compounds are used as feed additives in animal farming, so the possi-
bility of its deposition in manure arises. Simulations show that using manure to
enrich agriculture soils in nutrients may lead to pollution of groundwater and the
creation of another pathway of exposure, but environmental studies have not con-
firmed this problem (Nachman et al. 2005; Jones 2007).
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5 Biological Status of Arsenic

Resistance to and metabolism of As is generally known in bacteria that exert an
influence on the global As geocycle (Mukhopadhyay et al. 2002; Stolz et al. 2006).
Even As’s physiological role is suspected in some types of microbial photosynthesis
in biofilms, but it has not been fully proven (Kulp et al. 2008; Schoepp-Cothenet
et al. 2009). Arsenic is known as a nonessential and toxic element for plants, but
some specimens evolved to metabolize it efficiently (Finnegan and Chen 2012). The
main mechanism of its detoxification is the reduction process of arsenate into
arsenite, controlled by the arsenate reductase enzyme (Chao et al. 2014). Some
fern species are even As hyperaccumulators, but still the reaction of most plants to
As compounds makes it possible to use them as ingredients in herbicides and
defoliants (NAS 1977; Zhao et al. 2009).

Arsenic essentiality in insects is not known either, and the use of herbicides has
demonstrated the sensitivity of insects and other invertebrates to this element (Eisler
1988). The sensitivity of different species may vary significantly, and some of them
may play an important role in the retention and cycle of As (Riedel et al. 1989;
Schaller et al. 2010).

In birds and mammals, the problem of As essentiality is still disputed. Some
observations suggest that inorganic As may be an essential nutrient for goats, chicks,
minipigs, and rats (EPA 1998; Adriano 2001). The positive influence of As on
animal growth has been long observed and resulted in the use of its compounds in
animal breeding as food additives. Studies on birds revealed increased body weight
and immune organs of chickens after As supplementation (Ai-zhi and Zhen-yong
2007). However, the main mechanism remained unknown for a long time (Anke
1986). Probably the increased growth of animals bred with the aforementioned feed
additives is connected with intestinal health. Organoarsenic additives (the most
common being Roxarsone) are very toxic to parasites and significantly decrease
their number, which results in a better general condition of animals (Lasky et al.
2004; Jones 2007; FDA 2011). Bearing this in mind, such an influence cannot be
treated as a positive function in physiology, but rather as a drug treatment.

5.1 Toxicity of Various Arsenic Forms in Homeothermic
Animals

Toxic As’s effect is undisputed and significantly depends on its form. Arsenic
compounds that are still used in medicine showed adverse effects on the body,
including lethal cardiac dysfunctions (Ohnishi et al. 2000; Lin et al. 2005). In spite of
the fact that various forms stimulate different levels of toxicity, signs of poisoning
are similar (Woolson 1975; NRCC 1978). Generally for all organisms, inorganic As
forms are more toxic than organic ones (Tamaki and Frankenberger Jr 1992).
However, some observations dispute this statement. The positive relationship
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between the toxicity of As compounds and solubility in water has been noted (Eisler
1988). The solution showed a toxicity that was as much as ten times higher than that
of the undissolved form (Schwartze 1922; Harrisson et al. 1958). Two oxidation
states of arsenic are usually discussed in connection with effects on animals: As(III)
and As(V). As(III) forms strong bonds with the thiolates of cysteine residues and are
regarded as more toxic than As(V)—by as much as 60 times (Rosen 2002; Ventura-
Lima et al. 2011). The level of As toxicity also depends on other factors, for
example, the species. Comparison of the resistance to As influence between rats
and humans revealed that humans are more sensitive than rats (NAS 1977).

The species affects not only the toxicity but also accumulation and distribution of
As in the body (Ducoff et al. 1948). The oral LD50 of As2O3 is on the level of
31.5 mg kg�1 in mouse and 14.6 mg kg�1 in rat. The LD50 of As given intraperi-
toneally is 46.2 mg for mouse and 13.4 for rat. Adequate values of oral intoxication
were consecutively 145 mg kg�1 and 763 mg kg�1, respectively (TOXNET 2015).
The acute minimum As lethal dose in humans fell in the 70–200 mg range, or
1 mg kg�1 per day (Dart 2004).

In addition to toxicity through ingestion, inhalation of As compounds is also
harmful. Lethal cases, diarrhea, respiratory distress, and decreased body weight have
been observed in rodents exposed to As pesticide fumes (Stevens et al. 1979). The
penetration of organic As in fetuses is negligible, but inorganic As compounds may
cross the placental barrier and even cause death of newborns (Lugo et al. 1969).

Medical studies that reveal positive As impacts in leukemia treatment point out
also observations regarding the further development of thyroid cancer in patients,
probably because of As’s carcinogenicity (Firkin 2014). Co-occurrence of lung
cancer among people chronically exposed to airborne As compounds has also
been observed (Nordberg et al. 2007). The carcinogenic properties of inorganic
forms have been confirmed, but the main mechanism is not fully understood
(Sakurai 2003). Arsenic and inorganic As compounds have been classified in
human carcinogen group 1 based on consistent evidence of associations mainly
with lung, skin, and bladder cancers. Arsenobetaine and other organic As com-
pounds have not been classified as carcinogens (IARC 2012). The interactions
between As and other elements, such as zinc, selenium, and antimony, are suspected
in the etiology of carcinogenicity (Gebel 2000).

Most of the organisms already studied show evolved mechanisms of defense
against As toxicity (Rosen 2002; Cullen 2014). Arsenic methylation, which leads to
the transfer of inorganic forms into less toxic methylarsenic(V) [MMA(V)], was long
treated as a very efficient detoxification process. However, further research showed
that methylation may lead to the production of other organic compounds such as
methylarsenic(III) (Cullen 2014) (Fig. 13.3). Some methylated organic compounds
[such as monomethylarsonate MMA(III)] are more toxic to plants and animals
(including humans) than inorganic forms and certain organic forms containing As
(V) like dimethyloarsenic [DMA(V)] (Meharg and Hartley-Whitaker 2002; Rahman
et al. 2012). Research carried out on human liver cells revealed that the toxicity of
various As forms can be presented in the order: MMA(III) > arsenite > arse-
nate > MMA(V) ¼ DMA(V) (Petrick et al. 2000). MMA and DMA may negatively
influence enzymes that work in the energetic cycles in cells. Inorganic As interacts
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with sulfhydryl groups; the toxicity of MMA is mainly associated with the thiol
groups reaction, and the toxicity of DMAwith decreasing oxidative phosphorylation
(Khan et al. 2014). Some evidence also suggest that MMA(V) is a carcinogen in
rodents. There are also suspicions that in humans, DMA may be methylated further
into arsenobetaine, which is characterized by a low toxicity for animals (Kaise et al.
1985; Newcombe et al. 2010).

5.2 Toxicokinetics and Effects of Arsenic in Wildlife

Both main types of inorganic As—arsenite and arsenate—are well absorbed by
ingestion and inhalation. Significantly lower absorption occurs through the skin
(ATSDR 2007b). Experiments with As2O3 in rats showed elevated As concentration
in kidneys, liver, lungs, skin, spleen, and blood 24 h following administration. A
similar dynamic was observed in humans (Graeme and Pollack 1998). Arsenic
accumulates in blood cells, so concentrations in blood and spleen 2 months after
subcutaneous implantation remained high. Interestingly, accumulation was not
observed in hair and brain (Vallee et al. 1960; Aso and Abiko 1978), but studies
on patients during leukemia treatment revealed elevated concentrations in hair, nails,
and urine following intravenous infusion of As drugs (Shen et al. 1997).

In higher animals and humans, following various administrations (including oral,
fume, and injection exposure), arsenates are partially reduced to arsenites (Vahter
and Marafante 1983; Buchet et al. 1998; ATSDR 2007a). This occurs because of the
activity of glutathione, which is an electron donor for the reduction (Styblo et al.
2000). Following parental administration of As2O3 to rabbits, As(III) was the major
form of the element detected in blood, lungs, and liver (Vahter and Marafante 1983;
Lin et al. 2005). However, the main organ containing As following exposure is the
liver (Vahidnia et al. 2007b). Inorganic forms of the element in humans are meth-
ylated into MMA and DMA, and partially further to trimethylarsenic (TMA) com-
pounds in liver (Yamauchi and Yamamura 1985; Styblo et al. 2000). The process

Fig. 13.3 Methylation of arsenic in liver. Letters (A–D) indicate increasing toxicity of compounds.
Roman numbers indicate level of oxidation. iAs, inorganic arsenic; MMA, monomethylarsenic;
DMA, dimethyloarsenic; TMA, trimethyloarsenic (original scheme)
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takes several steps, mainly in the liver, but other organs also showed methylation
activity (Fig. 13.3) (Khan et al. 2014). Methylation is catalyzed by
methyltransferase, which uses S-adenosylmethionine as the methyl group donor
(Zakharyan et al. 1995). First, inorganic As(III) is converted into MMA(V). Then
MMA(V) is reduced to MMA(III), which is further methylated into DMA(V). Next
methylation step (into TMA) is also proceeded by the reduction into DMA(III)
(Styblo et al. 2000; Cullen 2014). However, TMA metabolism is still disputed
(Kaise et al. 1985; Newcombe et al. 2010) (Fig. 13.3).

The speed of methylation varies among species and is higher, for example, in
mice than in rabbits. The excretion of organic forms is faster than that of inorganic
forms (Vahter and Marafante 1983). Following absorption, more than 90% of
inorganic As is cleared from the blood in 2–4 h and as much as 70% of the intake
is excreted in 48 h (Jones 2007).

Arsenic significantly affects the central and peripheral nervous systems. Its effects
had already been observed in chronic and acute exposure, but the main mechanisms
remain unclear. There are some observations that, not inorganic forms, but organic
forms of As are responsible for the impact of the element on nerve cells (Vahidnia
et al. 2007a). The time after exposure in single-dose studies varied between 10 days
and 3 weeks, but the initial effects may be observed even after a couple of hours
(Winship 1984; Vahidnia et al. 2007b). The most characteristic clinical signs of
As-induced neuropathy are numbness, paresthesias, and pain (especially in feet
soles). They are connected with axonal degeneration and disorganization of the
cytoskeletal framework (Vahidnia et al. 2007b).

Studies strictly examining the toxicokinetics and effects of As in birds mainly
concern farm species that may be intentionally exposed via feedstuff and
unintentionally in some cases through drinking water (Khan et al. 2014). Wild living
birds are rarely studied in this respect. Generally, there are numerous observations of
lower appetite, weight loss, deterioration of blood parameters, depression, ataxia,
dullness, and other neurological disorders among poultry exposed through drinking
water or food (Halder et al. 2007; Islam et al. 2009; Sharaf et al. 2013; Khan et al.
2014). Weight loss and even death were observed in mallard (Anas platyrhynchos)
ducklings (Hoffman et al. 1992). The negative influence of As on the heart (ecchy-
motic hemorrhages), liver (congestion and hemorrhages), spleen (regression and
hemorrhages), kidneys (swelling), and intestinal mucosa (congestion) were already
observed in broiler chicks after administration of sodium arsenite (Kalavathi et al.
2011). Studies on bird histopathology showed atrophy of bursa of Fabricius stimu-
lated by a mixture of chemicals including As (also cadmium, lead, benzene, and
trichloroethylene), as well as liver lesions (Hoffman et al. 1992; Vodela et al. 1997).
Separate analysis of sodium arsenite revealed the substantial negative impact on
among others cardiac muscle (disruption of bundles), kidneys (infiltration of mono-
nuclear cells), and spleen (depletion of lymphocytes). The toxic effects of As in these
chicks were partially counteracted by supplementation with ascorbic acid and
vitamin E (Kalavathi et al. 2011). Increased concentrations of plasma calcium and
decreases in plasma glutathione activity are also linked with exposure to As in birds.
All toxic effects are more common in birds with limited access to food (Hoffman
et al. 1992).
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5.3 Bioaccumulation of Arsenic

There is a discrepancy in the scientific literature regarding the occurrence and
efficiency of As bioaccumulation. Human studies suggest that the element does
not bioaccumulate on a large scale, even over time (Jones 2007). Similar observa-
tions were made among aquatic organisms, in which the bioconcentration factor
(except for algae) is relatively low (Eisler 1988). However, phytoplankton that
bioaccumulate As compounds are a major food source for animals of higher levels,
so they might be exposed to the element. For this reason, some species of fish are
being used in biomonitoring of arsenicals (Rahman et al. 2012).

In terrestrial trophic chains, the situation is different. Generally, inorganic As
forms dominate in soil. Soil microbiota may change them into organic ones, meth-
ylate and demethylate them, and carry out these processes in opposite ways (Turpeinen
et al. 1999). They may get into plants or invertebrates, exposing the animals at higher
levels of the trophic pyramid, including birds and mammals, that metabolize the
compounds into organic species (Tamaki and Frankenberger Jr 1992; Vahter 2000;
Meharg and Hartley-Whitaker 2002).

Despite the fact that As is a known xenobiotic and carcinogen, few studies have
been conducted on its concentration and influence in birds. This knowledge gap is
especially significant in passerines among which around 75% of studies were
conducted only on the great tit (Parus major) and pied flycatcher (Ficedula
hypoleuca). The most often internal tissues have been studied (32.5%), followed
by feces (27.5%) and blood (15%) (Sánchez-Virosta et al. 2015). The values
considered normal were estimated on levels (mg kg�1 dw) 0.01–0.25 for liver and
0.01–0.2 for kidneys (WVDL 2015). Concentrations in internal tissues exceeding
10 mg kg�1 wet weight (ww) (~41.6 mg kg�1 dry weight, dw, recalculated
according to Binkowski 2012) are treated as symptoms of As poisoning (Goede
1985). Such high concentrations are not very common, and in most cases accumu-
lation does not exceed background levels—for liver on average 1.5 mg kg�1 dw at
pristine sites and 5.8 mg kg�1 dw at polluted sites (Berglund et al. 2012; Sánchez-
Virosta et al. 2015). However, particular specimens may reach significantly higher
concentrations, as high as around 13 mg kg�1 dw (pied flycatcher) (Berglund et al.
2012). It is worth mentioning that such high concentrations are harmful to animals
since significantly lower concentrations were the cause of disturbances in their
biochemistry and growth (Sánchez-Virosta et al. 2015). Among other bird groups,
studies on dunlins (Calidris alpina) across Europe (including the Netherlands,
Norway, and Sweden) revealed that in many cases concentrations were lower than
the detection limit. The highest mean concentration was noted for juvenile dunlin
and reached 6.2 mg kg�1 dw, but the mean value for all studied specimens was lower
than 3 mg kg�1 dw. Additionally, birds from pristine areas (Scandinavia vs. Western
Europe) accumulated significantly lower amounts of the element (Goede et al. 1989).
Arsenic concentrations found in the liver of dabbling ducks are similar. A study
carried out on common species, including the mallard, blue-winged teal (Anas
discors), and shoveler (Anas clypeata), revealed a mean value of 4.76 mg kg�1 dw
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(Pereda-Solis et al. 2012). Higher As concentrations were suspected among birds
exposed to spent lead shot that contained detectable As levels (Hall and Fisher
1985). Studies verifying this hypothesis in nature did not show high As concentra-
tions in lead-poisoned birds. However, the conclusions are not very obvious because
a strong correlation was observed between lead and arsenic in exposed birds (Mateo
et al. 2003), so this issue requires further investigation.

Concentrations in feathers are generally lower than in internal organs, and they
are used in in vivo biomonitoring. Molting stage and age of the feather are very
important here (Burger 1993). The interesting question is whether the contamination
of feathers comes mainly from internal distribution or external deposition. A strong
argument for the second route is the correlation of As concentrations in preen glands
and in feathers (Goede and De Bruin 1984; Goede 1985; Goede et al. 1989).
Concentrations of As in feathers of various species of Anseriformes are similar,
but a slightly higher one was noted locally for diving duck (pochard Aythya ferina),
where the mean reached 0.50 μg g�1 dw (Karimi et al. 2016). These observations
rank Anseriformes in the middle of the common range of species from different
trophic levels (e.g., raven, condor, and red knot), whose mean was 0.96 μg g�1 dw
(Burger 1993). Karimi et al. (2016) also noted an interesting positive but weak
correlation between lead and arsenic concentrations in primary feathers of
Anseriformes. A similar but stronger relationship was observed in great tit feathers
(Janssens et al. 2001). Some studies have also been conducted on As concentrations
in bones of birds. The reason for this is that arsenate is structurally very similar to
phosphate, which builds bones, so the possibility of phosphate substitution by
arsenate may occur (Adriano 2001; WHO 2001; Mateo et al. 2003).

Arsenic is not as widely studied an element in mammals as, for example, lead or
cadmium, but because of the potential harm to residential wildlife, studies are being
carried out (Saunders et al. 2011). However, among such studies, laboratory acute
toxicity issues dominate, and As chronic toxicity studies among wild living animals
remain scarce (Drouhot et al. 2014). Normal values, for example in deer, do not
exceed 0.5 mg kg�1 dw in liver and kidneys. Normal concentrations in other
mammals are even lower (WVDL 2015). An interesting procedure for monitoring
As levels in shrews was developed by Moriarty et al. (2012). It entails using for
analysis the entire torso of an individual. This study revealed that shrews are efficient
at processing and excreting As. Animals from heavily contaminated areas may
accumulate as much as twice the As body burden as animals from uncontaminated
sites. However, not only environmental contamination but also other factors, such as
habitat, diet preferences, and animal mobility, play a significant role in exposure and
accumulation. Arsenic concentrations in the stomach contents of various small
rodent species observed in southern France fell within a very wide range, from
below the detection limit to 1669 mg kg�1 dw (but in most cases the upper limit did
not exceed 50 mg kg�1 dw). These values did not correspond clearly to concentra-
tions in soil from different emission zones, and animals from cleaner zones some-
times had higher concentrations in their stomach content. Internal concentrations
(mg kg�1 dw) fell within a range of 0.05–90.4 for liver, 0.24–50.9 for kidneys, and
0.31–37.7 for lungs (Drouhot et al. 2014). Studies on As accumulation in small
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mammals led to varying conclusions (Erry et al. 2000). Some revealed that in
polluted areas As is accumulated by animals, some revealed no accumulation, and
others only in some organs (Sharma and Shupe 1977; Smith and Rongstad 1982;
Ismail and Roberts 1992; Peles and Barrett 1997). Studies on large animals, like
cattle, showed that particular tissues, such as blood, kidneys, liver, and muscles,
accumulate As at statistically different rates of efficiency. What is more, these
animals accumulate As only in areas of higher soil concentrations. Maximum values
(mg kg�1 dw) may reach 122.6 in liver, 135.6 in kidneys, and 8.55 in muscles
[values recalculated from ww according to Binkowski (2012)] (López Alonso et al.
2002).

5.4 Ecological Effects of Arsenic

The main processes under dispute in terms of the ecological aspects of a given
element or compound are bioaccumulation and biomagnification. They are usually
separately evaluated for aquatic and terrestrial environments, but generally they are
more efficient in aquatic ones. In aquatic environments (both marine and freshwa-
ter), inorganic As species dominate, but they are methylated into organic species by
aquatic organisms. Because bioaccumulation of total As in fish reaches as high as
22.1, the exposure of predators through fish is likely (Kar et al. 2011). These may
include aquatic birds and mammals. In some areas, to limit exposure, As bioreme-
diation with algae is proposed (Magellan et al. 2014).

In the case of terrestrial ecosystems, As bioaccumulation may be observed, as
mentioned earlier (Sect. 5.3). However, studies on mammals also reveal that the
bioaccumulation factor is lower than 1 (0.69), which means that As bioaccumulation
does not occur in these animals (Erry et al. 2000). In both types of environment, a
further step in bioaccumulation—As biomagnification—has been widely questioned
(Woolson 1975; NRCC 1978; Eisler 1988; Jones 2007). However, the lack of
biomagnification does not mean that As does not affect the ecosystem as a whole.
It does affect the ecosystem in areas of polluted water or massive amounts of poultry
feces deposition, where animals are supplemented with As compounds (Eisler 1988).

5.5 Bioindicators and Biomarkers of Arsenic
in Ecotoxicological Studies

Metabolomic studies on As bioindicators and biomarkers are mainly done on
rodents. Only a few studies have been carried out on humans. It is worth emphasiz-
ing that As, after cadmium, is the most frequently studied element in these aspects
(García-Sevillano et al. 2015). Despite the fact that the main mechanisms of its
toxicity remain unclear, its connection with enzymatic inhibition and oxidative stress

474 Ł. J. Binkowski



is widely observed, which may be employed in biomarker studies. However, there is
still a need for As-sensitive and appropriate biomarkers in environmental studies
(Marchiset-Ferlay et al. 2012).

It is known that As affects certain enzymes in heme biosynthesis, such as
aminolevulinate synthase, porphobilingoen deaminase, and heme oxygenase
(Garcia-Vargas and Hernandez-Zavala 1996). The exposure to a mixture of elements
(arsenic, cadmium, lead) causes perturbations in lipid and amino acid metabolism in
blood serum (Dudka et al. 2014). Additionally, the connection between As exposure
and blood porphyrins and their urinary excretion has been observed (Garcia-Vargas
and Hernandez-Zavala 1996; Marchiset-Ferlay et al. 2012). All these relationships
may be implied to some extent as biomarkers, but their usefulness, especially in
animal studies, awaits confirmation. In the range of genotoxicity, DNA damage,
chromosomal aberrations, sister chromatic exchange and micronuclei formation are
linked with As exposure. Based on these effects, genotoxicity biomarkers may be
used (Liou et al. 1999; Chen et al. 2005; Marchiset-Ferlay et al. 2012).

Blood and urine are the most frequently used biomarkers of As exposure. Arsenic
is purged from the blood, so the concentration in blood reveals only present and
recent exposures (Andrade et al. 2015). A better biomarker is probably concentration
in urine, because it reflects chronic exposure. Other very good biomarkers of chronic
exposure are hair and nails (thus feathers and claws in animals), but the concentra-
tions here cannot be recalculated as the dose ingested (Marchiset-Ferlay et al. 2012).
Arsenic exposure may also be evaluated on the basis of its concentration and
distribution in internal tissues. Probably the most commonly studied and useful
tissue in this connection is liver tissue.

6 Conclusions

• Arsenic is a semimetal that is toxic for birds and mammals at elevated concen-
trations. Inorganic forms of arsenic possess carcinogenic properties. Additionally,
the occurrence of arsenic in water in many parts of the world is an issue of high
importance because of the high incidence of arsenicosis in people. Despite its
toxicity, As has been used in medicine and as a supplement for farm poultry in
some parts of the world (e.g., USA).

• Arsenic forms a part of more than 200 minerals, and its natural sources are rocks,
soils, and volcanic activity. In industry, arsenic is used and produced mainly in
the form of trioxide. The most prevalent uses of As are in the production of wood
preservatives (such as chromated copper arsenate), pesticides, nonferrous alloys,
and electronics.

• Bioaccumulation of As in birds and mammals is not high, and biomagnification is
still disputed. Concentrations of up to 0.25 mg kg�1 dw in bird liver and kidneys
are treated as normal. In mammals such values do not exceed 0.5 mg kg�1 dw.

• A potential relationship between exposure to arsenic and enzyme activities has
been observed, but the precise biomarker needs to be found. Exposure may be
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evaluated on the basis of internal concentrations in hair, fur, nails, claws, urine,
and organs, preferably in liver.
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