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ABSTRACT

Birds are considered as good bio-monitors

and they can provide highly valuable data ,
FEATHER e

about the level of contamination in their @
habitat. During the design of biomonitor-
ing studies one of the first issues after
choosing species is the choice of biological
material. Non-lethally collected samples
have recently been gaining greater atten-
tion as they offer several ethical and prac-
tical advantages. However, not all sample
matrices are suitable for biomonitoring of
certain compounds. The main aim of this
review is to bring to closer attention the
utility of non-lethally collected samples
from avian species, based on recent litera-
ture. The selected samples are feathers,
blood, preen oil and eggs, as these are the types of biological materials most often chosen and
may reveal birds’ exposure from their diet. It is not my intention to single out one of them as the
ultimate tool for organic compound analysis, but rather to present their utility in order to support
or advise on future choices, as a single matrix might not be sufficient to fully evaluate birds’ expos-
ure. Therefore, this paper presents the current status of the non-lethal approach in avian species
for determination of PCBs, OCPs, PBDEs and PFASs.
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1. Introduction

Comprehensive quantitative analyses of pollutant presence in tissues and other biological samples
collected from representative species provide valuable information about the delivery and transfer
of pollutants into the trophic network and their impact on biota. Knowing their accumulation
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profile, concentrations and distribution within tissues enables us to make better predictions about
habitat quality and future population status, which is especially important for threatened species.

A multitude of contaminants emitted to the environment ends up being introduced to the
food chain. Compounds such as persistent organic pollutants (POPs) are of highest concern due
to their high toxicity, low potential to biodegradation and easy bioaccumulation and sometimes
biomagnification within the food web (UNEP; https://www.unep.org/). For many compounds,
such as organochlorine pesticides (OCPs) or polychlorinated biphenyls (PCBs), global regulation
restricts the use and production of the substances with the highest toxicity potential (Espin et al.,
2016). However, they are still ubiquitous and can be found in abiotic components as well as biota,
even in the polar areas (UNEP; Souza et al, 2021; Svendsen et al, 2018). The Stockholm
Convention list of legacy POPs causing adverse effects on humans and the ecosystem originally
included 12 compounds (pesticides, industrial chemicals and by-products). In 2021, this list, only
for the group of compounds subject to elimination (Annex A), has been updated to 26 chemicals
(UNEP; http://chm.pops.int/, accessed September 27, 2021).

Emerging organic pollutants (EOPs) can also constitute a high threat, as they continue to be
introduced into the environment. Many of these, too, are not regulated and not enough eco-
toxicological data on these compounds are available (Tartu et al., 2014). Among the best known
examples of EOPs are poly- and perfluorinated alkyl substances (PFASs), which are used in a var-
iety of products, e.g. fire-fighting foam, and impregnation agents for carpets and textiles (Tartu
et al, 2014). PFASs are thermally and chemically stable and may affect body condition and health
(Ask et al.,, 2021; Tartu et al.,, 2014). They also have very high surface tension lowering potential,
and thus would behave differently in the marine ecosystem than do classical POPs (Herzke et al.,
2009). The best known PFASs are perfluorooctane sulfonic acid (PFOS) and perfluooctanoic acid
(PFOA) (Pereira et al., 2021). In 2009, PFOS, which is one of the most persistent and bioaccumu-
lative PFASs, was declared one of the legacy POPs by the Stockholm Convention (UNEP). As it
is a stable end product of the degradation of PFASs, is often found in both the environment and
biota (Dauwe et al., 2007). In 2019 also PFOA was added to the Stockholm Convention list
(UNEP), and PFHxS (perfluorohexane sulfonic acid) is under consideration (UNEP). These fea-
tures, and their wide applicability, make PFASs especially interesting for ecotoxicological studies.

Before designing biomonitoring studies, one of the most important things is the choice of spe-
cies and matrix. Contaminant levels may be reported as concentrations in internal tissues from col-
lected dead or randomly selected sacrificed individuals. In all vertebrates the majority of
detoxification and excretion of metabolites and parent compounds happens in the liver and kid-
neys, where the compounds may also be accumulated (Lehman-McKeeman, 2008). Substances are
thus often determined in the main target tissues for toxic effects: liver, brain, muscle, kidney or in
subcutaneous fat (e.g. Gebbink & Letcher, 2012; Sagerup et al., 2009). Non-polar compounds in
particular, such as PCBs, would be accumulated in tissues rich in triglycerides, such as liver or fat
(Espin et al., 2016). The selection of internal tissues for analysis allows the individual body burden
to be assessed (Bustnes et al., 2001) and also to be connected with individual health (e.g. Tartu
et al., 2014) and population declines. But apart from ethical implications and legal regulation in the
case of endangered species, such a sample collection may carry potentially unquantified biases.
Samples collected from stranded individuals are often of unknown provenance and cause of death.
Individuals may not be representative of a random cross-section of the whole population, and may
have an altered lipid content in a starved organ (Finger et al., 2015). Healthy individuals sacrificed
for a study cannot be further monitored, as they are eliminated from the population, which may
have deleterious effects on the species population (Cobb et al., 2003).

Non-lethally gained samples enable individual release after sample collection and in some cases
do not require direct contact with an individual. Consequently it is possible to collect samples
from the same individuals over seasons and track temporal changes of pollutant levels. It also
allows samples to be collected from endangered species while omitting many ethical issues (still
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Figure 1. Number of papers found using the given keywords published between 2010 and 2021 (using Web of Science
searches only).

the collection may require a special permit, depending on the country). Therefore, the usage of
non-lethally collected samples has recently become a crucial part of environmental studies of ver-
tebrates such as mammals, reptiles and birds. However, there are some flows connected with its
usage. The profiles of a compound can differ among tissues and thus the information gained can
vary between them. Not all sample matrices are suitable for biomonitoring, as the information
they provide about exposure would vary. It is important to use samples were it is expected that
significant proportions would show levels above the limit of detection and that are widely avail-
able (Espin et al., 2016).

Birds can provide valuable data, as they adapt to live in almost all kinds of environment. They
are generally considered as good bio-monitors as they integrate pollutants over wide areas, time-
scale or food webs, and may transfer contaminants between different habitats, like from sea to
land (Eulaers et al., 2011a, 2011b). Birds are ubiquitous, long-lived creatures, with variable diets
and inhabiting all kinds of habitats, and are consequently often chosen in ecotoxicological studies.
Also, the number of tissues that can be collected non-lethally is high and includes feathers, blood,
preen oil, pellets, guano and eggs.

The main aim of this paper is to bring to closer attention the utility of non-lethally collected
samples from avian species, based on critical review of the recent literature. The chosen samples
are feathers, blood, preen oil and eggs, as these are the most frequently chosen types (Fig. 1).
Other types of biological materials were not discussed mainly due to their limited applicability
and limited data available. Pellets can only be obtained for certain species (e.g. owls), and they
contain mainly undigested parts of food. Claws can be collected non-lethally, but collection can
affect the bird’s well-being (e.g., in the case of birds of prey, it can affect their hunting), and for
feces the collection is not always easy and the information is from a very short period of time. In
addition, I will not discuss the properties, behavior in the environment and toxicity of chosen
compounds, as it has already been done for legacy POPs and EOPs (for the references see e.g.
Lohmann et al., 2007, Letcher et al., 2010). Biological material characteristics are presented
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together with advantages and flows of use and chosen examples from the field representing both
legacy and emerging compounds: OCPs (organochlorine pesticides), PCBs (polychlorinated
biphenyls), PBDEs (polybrominated diphenyl ethers) and PFASs (poly- and perfluorinated alkyl
substances). These groups of contaminants are commonly used in ecotoxicological studies, includ-
ing those that use bird as a model species.

An extensive data search was conducted using Web of Science and Google Scholar search
engines to find relevant data. However, the reader should be aware that the papers presented here
are not the only ones that can be found on this topic (see fig.1). More studies on exposure to
organic compounds can be found under selected keywords. I chose the papers that were most
relevant for the purposes of this publication, and if they did not provide any additional informa-
tion beyond reporting compound levels, they might not be included. The main keywords used for
the search were “contaminants,” “birds” and various combinations of contaminant names and/or
matrix names (feather, blood, plasma, blood, eggs, pellet, faeces, claws). Additionally references in
both review and research papers were screened for relevant publications.

2. Feathers
2.1. Tissue characterization

The feather is a complex epidermal structure of keratin, which provides function in flight, com-
munication and thermoregulation. Keratin is rich in amino acids with sulthydryl groups that
form disulfide bonds, providing strength and durability to the protein (Burger & Gochfeld, 1997).
The number of feathers varies and depends on the species. In the case of adult birds, feathers go
through regenerative cycling phases. The changes in feather morphology that happen during each
of the phases are described in the review by Chen et al. (2015).

Organic contaminants are deposited in feathers during their growth time, via blood connec-
tion. In fully mature feathers, vascular connections undergo atrophy, and compounds can no lon-
ger reach the feather’s interior (Jaspers et al.,, 2008; Van den Steen et al., 2007). As such, feathers
can give information on compound concentration in the blood during the time of feather growth
(app. 2-3 weeks) (Burger & Gochfeld, 1997). This is important as fully grown feathers sampled at
one place may give information about bird exposure during a bird’s stay in a completely different
area. Adult birds are often migratory, and if their feathers are grown during their stay at overwin-
tering areas, they would not reflect local contamination at breeding sites. This difference between
time of formation and collection often results in a lack of correlation for organic compounds
between plasma and feathers (Svendsen et al., 2018) or internal tissues and feathers (Jaspers et al.,
2019). If the body feathers of nestlings are sampled, they may still have an active blood connec-
tion, so the exposure would be more recent. Due to an active blood connection, also the correl-
ation of organic contaminants between body feathers and blood plasma tends to be higher in
nestlings than in adults (Eulaers et al., 2011b; Jaspers et al., 2006, 2007).

The first crucial step is choosing the species and type of feathers for further analysis.
Knowledge of the species migratory habits and molting pattern is essential to proper result inter-
pretation. High differences in the concentrations of organic compounds may occur between long-
distance migrants, local migrants and strict resident birds (Behrooz et al,, 2009). Species with
large foraging areas will not be suitable for monitoring local pollution, e.g., for local terrestrial
environments, species with more restricted ranges should be considered (Jaspers et al, 2019).
Some birds have a sequential molt, replacing contour and flight feathers prior to migration dur-
ing a post-nuptial molt, and the head and throat feathers during a pre-nuptial molt (e.g. razorbills
Alca torda or little auks Alle alle; Espin et al., 2012). For large predatory birds, the molting period
can last over two or more years, whereas most small birds, like songbird species, molt within one
year (Groffen et al., 2020). This will thus result in differences in exposure duration. Also, molts
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do not always proceed simultaneously in different individuals, so the results derived from them
may not be related to the exact same period of time (Garcia-Fernandez et al., 2013).

Although the specific chemical structure of organic pollutants and their binding capacities to
feathers are still poorly understood, contaminants incorporated into the feather’s internal struc-
ture seem to be permanently retained, as even non-persistent pollutants such as lower chlorinated
PCBs or ¥-HCH (lindane) can be effectively detected (Adrogué et al., 2019; Espin et al., 2012;
Garcia-Fernandez et al.,, 2013; Souza et al,, 2021). In energy-demanding periods (time of migra-
tion, breeding and molt), lipophilic organochlorines can be additionally mobilized from stored fat
and re-distributed to the blood stream. Thus, during molt, when contaminants are transported to
the growing feathers, the concentrations detected in them may also be affected by previous expos-
ure (Espin et al., 2012; Perkins & Barclay, 1997). The correlations between levels in feathers and
in internal tissues tend to be lower in starved birds (Jaspers et al., 2006, 2007). The reason for
this may include altered lipid content in starved organs (Finger et al., 2015). For examples of cor-
relation studies see Table 1.

The more factors we know, the more detailed information regarding bird exposure we can get
by feather analysis. For this reason, using molted feathers provides limited data, as an external
contamination may be significant and the interpretation of birds’ exposure has some uncertainties
(Jaspers et al., 2019). Still, it may be a useful way to analyze samples from rare and endangered
species without causing unnecessary stress. Freshly molted feathers can be collected as part of
routine monitoring studies.

2.2. Advantages and disadvantages of use

There are many advantages to using feathers: they can be collected from living birds and are
metabolically inactive. Feathers can be sampled irrespective of age, sex and season. They can be
used to monitor remote populations while birds are in a location that was previously very diffi-
cult to study. For example, feathers of seabirds grown during their wintering in the open ocean
can be collected when the birds are on land during the breeding period (Pacyna et al., 2019;
Pacyna-Kuchta et al., 2020).

Levels in feathers usually do not show point source pollution, but a larger foraging area
(Burger & Gochfeld, 1997). The amount of feathers needed for organic contaminants analysis
may be problematic. It is advised to use at least 200 mg of feathers (Dauwe et al., 2005), but for
small species it may not be possible to collect this much from living individuals without affecting
the birds’ thermoregulation and health or survival chances. For larger birds, even one tail feather
can be sufficient (Jaspers et al.,, 2006, 2008). It should be noted that some authors used much
smaller amounts of feathers and were able to show detectable amount of contaminants. Groffen
et al. (2020) used a single great tit (Parus major) tail feather that weighed approximately 8-10mg,
yet they were able to detect most of the PFASs analyzed. However, this was most likely due to
the fact that great tits are resident birds with limited foraging areas, and the birds selected for
this study lived in close proximity to a fluorochemical plant, which is a known PFASs hotspot.
The authors also used unwashed feathers, which may have increased compound levels due to
external contamination.

Feathers are not always appropriate for selected analysis. As feathers are connected to the
blood stream only during feather growth, they may have a limited storage capacity (Meyer et al.,
2009). Feather physiology may directly affect compounds deposition, as some compounds are
incorporated in proportion to their abundance in the bloodstream, while others are incorporated
as part of the keratin blocks (Bortolotti, 2010). There are many other factors that may affect com-
pound concentration, including seasonal variations in diet, external contamination, metabolic rate
and time of exposition (Behrooz et al., 2009; Dauwe et al., 2005; Eulaers et al., 2011a). In nest-
lings, factors such as trophic level, dietary carbon source (food chain discrimination), local habitat
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residence, and nest location may influence the variability in contaminant exposure during early
life stage (Eulaers et al., 2013). Feather effectiveness and applicability as a biomonitoring tool has
been confirmed only for certain POPs, while for many of them it is unconfirmed and more
research is needed. The usefulness of feathers for analyses of legacy compound such as PCBs or
OCPs has already been summarized in previous reviews such as Garcia-Fernandez et al. (2013),
Espin et al. (2016) or Jaspers et al. (2019).

Feathers can be transported and stored at room temperature for many years, e.g. in an enve-
lope or aluminum foil further closed in string bags (Burger & Gochfeld, 1997; Jaspers et al.,
2019). Freezing should be used to store dirty or wet feathers. Long-term storing should always be
performed under controlled conditions, with feathers protected from external contaminants,
moisture and UV-light action (Jaspers et al., 2019).

Feathers can be collected not only from rare and protected species, but museum specimens,
too, may be used to track changes in exposure over time. For example, archived body feathers
from 1968-2015 were successfully used to evaluate long-term spatio-temporal trends of PFASs in
a top predator, the white-tailed eagle (Haliaeetus albicilla) (Sun et al, 2019). But although
archived feathers are a valuable tool to assess long-term trends, there are some limitations when
using samples from bank specimen or museums, such as possibly unknown bird parameters (e.g.
age and sex) and differences in storage conditions between places that may affect compound deg-
radation or transformation. External contamination and preservation or pretreatment methods
also may affect the results (Sun et al., 2019).

Feathers are often contaminated externally by birds’ own secretions from preen and salt
glands or by the direct contact with water, air or mud (Goede & De Bruin, 1986). Choosing
the right solvent and washing procedure is very important for relevant analysis. In general,
a limited number of studies have examined the effectiveness of removing external contamin-
ation from feather surface. For lipophilic organic compounds, external contamination
mostly comes from preening (Jaspers et al., 2008). Even 85% of feather lipids may come
from uropygial secretions. Uropygial oil acts also as an adhesive layer, allowing pollution
particles originating from the air to be deposited on the feather surface (Mardon et al,
2011). External contamination with preen oil may vary over life stages and with the age of
the feather (Eulaers et al., 2011a). To remove preen oil from feathers a strong solvent must
be used, for instance acetone has proven to be very effective (Jaspers et al., 2008). But this
can also affect weakly bounded compounds deposited inside the feather structure. It has
been discussed whether it is necessary to remove preen oil from feathers, as its addition
increases correlations with internal concentrations (Eulaers et al., 2011a; Jaspers et al,
2008). So for lipophilic compounds analyses studies suggested thorough washing with de-
ionized water and using stainless steel tweezers to separate barbs. This allows to remove
only airborne particles and dust (Jaspers et al., 2008). Majority of authors follow this
instruction with minor modifications, such as using distilled water (e.g. Behrooz et al,
2009; Eulaers et al., 2013; Monclds et al., 2018). Washing solely with water will not be
appropriate for feathers heavily contaminated with, for example, blood or fat. In the case of
non-lipophilic PFOS, such as PFOA, external contamination more likely to originate from
wet or dry depositions (Jaspers et al., 2013). No standardized procedure is currently avail-
able for washing feathers prior to PFASs analysis. Hexane is often chosen as a cleaning solv-
ent (Briels et al., 2019; Jaspers et al., 2013; Loseth et al., 2019). The procedure may involve
washing the feathers first in ultrapure water and, after drying and cutting them into <5mm
pieces, immersing them in hexane and placing in an ultrasonic bath for 10 min (Gémez-
Ramirez et al., 2017). Other cleaning solvents include e.g. acetonitrile (Meyer et al., 2009).
However, as even hexane did not remove all contaminants from the feather surface, further
tests were encouraged (Jaspers et al., 2013). The impact of external contamination can
sometimes be minimized by collecting feathers from nestlings, as they live in a restricted
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area and their feathers are less prone to external contamination by preen oil. It is also often
easier to monitor nestlings than adult individuals and there are fewer influences of factors
like molt, age, foraging and migration behavior (Eulaers et al., 2011b). But it should be
noted, that for species nesting on the ground, external contamination with dust and soil
particles can be still significant.

2.3. Examples of the use of feathers in field research

Although birds have been used as biomonitors for an extensive period of time (e.g. in the late
1960s and early 1970s, research on birds focused on the effects of OCPs and PCBs on eggshell
thinning; Ohlendorf & Fleming, 1988), feather usage for organic pollutant analysis is still rela-
tively new. One of the first studies where feathers of wild birds were used to assess POP concen-
trations in adult birds was a study by Dauwe et al. (2005) on passerines, namely great tits. In this
pilot study, the concentrations of organic contaminants (PCBs, PBBs, OCPs and PBDEs) were
determined in both feathers and fat tissue. Of the examined compounds, the majority of PCB
congeners and DDTs (dichlorodiphenyltrichloroethanes) could be quantified in feathers, while
other pesticides and brominated flame retardants were not detected. Concentrations found in
feathers (expressed in ng/g) were significantly lower than concentrations in fat (ng/g lipid
weight), and there were no strict correlations for quantified compounds in the examined tissues.
But this study initiated further research, suggesting that, for some POPs, feathers may be a good
nondestructive alternative. Passerines can be problematic for determining concentrations of
organic compound, both legacy and emerging, due to the low bird mass as opposed to the high
feather mass required for a compound detection. This problem can be solved by pooling data
from individuals or choosing a bigger species. For this reason, large predatory birds are often
chosen for POPs analysis, with multiple examples such as Jaspers et al. (2006, 2007); Eulaers et al.
(2011a, 2011b); Sun et al. (2019). In fact, for birds of prey in Europe, feathers, plasma and eggs
are the most common type of samples collected for contaminant determination (Espin et al,
2016; Gonzalez-Rubio et al., 2021). Beside large predatory birds, seabirds are another frequently
examined class of birds. Many of them are endangered, so the use of feathers is advantageous.
Examples of using seabird feathers for organic compound determination include Espin et al.
(2012); Svendsen et al. (2018), Souza et al. (2021).

It is important to recognize congener profile differences between feathers and other tissues. A
feather profile might be modified due to external contamination with preen oil or atmospheric
deposition (Garcia-Fernandez et al., 2013). For instance, it has been shown that feathers are often
characterized by higher contributions of lighter PCBs (Adrogué et al., 2019; Dauwe et al., 2005;
Jaspers et al., 2007; Briels et al., 2019; Souza et al., 2021). However, that is not the case in all
studies; for example, in Eulaers et al. (2011a, 2011b) study the most abundant were highly persist-
ent hexa-CBs, such as CB 138 and CB 153 (in blood plasma and nestling body feathers). In the
study of Gonzalez-Gémez et al. (2020) penta- and hexa-CBs dominated the PCB profile in body
feathers of feral pigeons (mainly PCB 126, 138 and 180), although in general the concentration of
PCBs was low (0.2-4.6 ng/g). Several studies found low brominated congeners such as BDE-47 to
be one of the dominant congeners in feathers (Adrogué et al, 2019; Eulaers et al., 2011b;
Gonzalez-Gémez et al., 2020; Jaspers et al., 2006, 2007; Laseth et al., 2019). It is good to provide
comparison for the same species or one with a similar feeding profile, as differences may also be
based on the ecology of the studied species (such as diet specialization and feeding on different
trophic levels).

The suitability of choosing feathers in the biomonitoring of PFASs has been discussed in a
number of papers, as the deposition mechanism would be different than in the case of legacy pol-
lutants (e.g. Jaspers et al., 2019; Meyer et al., 2009). There are differences in different affinities of
PFASs for proteins, which mainly depend on the carbon-chain length, functional groups and
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hydrophobicity of the chemical (Groffen et al., 2020). Correlations between the PFASs concentra-
tions for feathers and for other tissues found in the literature are presented in Table 2. For some
compounds in this group, like PFOA, it is possible that levels in feathers reflects not ingestion
through diet, but rather environmental contamination and are accumulated on the external sur-
face of the feathers (other possible explanations are excretion or quick compound transformation)
(Jaspers et al., 2013; Loseth et al., 2019). Thus, some authors suggest the complementary use of
feathers and other biological material, e.g. blood to provide representation for different time lines
(Groffen et al., 2020).

Feathers can be collected not only from adults, but also from chicks and nestlings, which
have two types of feathers: down and body. Down feathers are formed in the egg from mater-
nal nutrients and generally represent maternal input, whereas body feathers represent the nest-
ing period and input from the environment (as food/water intake) (Ackerman et al., 2016;
Pacyna et al., 2019). Nestling body feathers sampled from predatory bird species have been
successfully used to determine several legacy and emerging contaminants (e.g. Briels et al,
2019; Eulaers et al., 2011b, 2013; Gémez-Ramirez et al., 2017; Laseth et al., 2019). But the suit-
ability of down feathers to detect POPs is still poorly investigated. Monclis et al. (2018) per-
formed a study on down feathers of nestlings of the Spanish cinereous vulture (Aegypius
monachus). When comparing to contour feathers, the down feathers (second natal down feath-
ers grown 15 to 25days posthatching) showed a higher accumulation of the most persistent
studied POPs, with a contamination profile similar to that previously described in predator
eggs (approx. 140 mg was sufficient to quantify fourteen different POPs). Down feathers also
had a higher detection frequency of PCBs. Nestling contour feathers (mean 220 mg per bird)
had higher contribution of the more volatile compounds- lindane and lower chlorinated PCBs
(Monclus et al., 2018).

3. Preen oil
3.1. Tissue characterization

Preen oil is a secretion from the preen gland at the base of a tail. It appears in the majority of
species, is largest in aquatic birds, and is mostly composed of wax esters, triacylglycerols, phos-
phatidylcholines and volatile organic compounds (Soini et al., 2013; Solheim et al., 2016). It
also has a non-lipoidal fraction that contain proteins, inorganic salts and cell fragments
(Rawles, 1960; King & McLelland, 1975). The composition differs between species and may
also change with age, sex and diet (Sandilands et al., 2004). Preen oil is spread by the bill, it
serves to protect the body from water by waterproofing the feathers and improving their
appearance. It also provides antibacterial and antiparasitic protection and may be used to che-
mosygnaling (Mardon et al., 2011; Soini et al., 2013). It can be collected from either alive or
dead birds (Yamashita et al., 2007). Preen oil is known to contain high levels of lipophilic
compounds (e.g. PCBs; Jaspers et al., 2008), but due to its specific composition it may also
accumulate some non-lipophilic substances, like PFOS (Campagna et al., 2012, Jaspers
et al,, 2013).

The amounts of oil excreted vary according to species (Solheim et al., 2016). Some studies
have found correlations between levels of organic contaminants in preen oil and other biological
materials, including blood (Eulaers et al., 2011a) and adipose tissue (Yamashita et al., 2007).

3.2. Advantages and disadvantages of use

Using preen oil has many advantages: samples might be obtained from both sexes and from nest-
lings (Eulaers et al., 2011a); due to its high lipid content it can be used for determining many
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lipophilic compounds; due to inseparable blood connection the sequestration time frame is close
to this in blood and in comparison to feathers there is little or no external contamination
(Eulaers et al., 2011a; Yamashita et al,, 2007). However, sequestration time frame integrates a
short period of time (Ito et al., 2013). Also, the metabolization of compounds is possible (Eulaers
et al., 2011a). The concentration of organic contaminants is species specific and depends on diet-
ary behavior (Yamashita et al., 2018).

Preen oil is quite easy to obtain, although this should be done in such a way as to minimize
the possibility of external contamination. It can be done by, for example, pressing the preen
gland with a pre-cleaned glass rod, paper wiper, surgical gauze, or glass fiber filter (Briels et al.,
2019; Ito et al., 2013; Yamashita et al., 2018). Briels et al. (2019) also collected the oil-covered
feather tuft that surrounds the preen gland. The same individual may be sampled repeatedly
over a short period of time (Yamashita et al., 2018). Around 30- 50 mg was enough to deter-
mine several PCBs, PBDEs, DDTs and HCHs (Eulaers et al., 2011a; Ito et al., 2013; Yamashita
et al., 2018).

Preen oil sampling is less invasive than blood collection (Ito et al., 2013). Its transport and
storage requires cold conditions (around —20 °C; Eulaers et al., 2011a). For some species, collect-
ing samples from juveniles and adult birds may be troublesome and the required amount could
be problematic to obtain (Jaspers et al. 2011).

3.3. Examples of the use of preen oil in field research

Due to its high lipid content, preen oil may contain high concentrations of some lipophilic
compounds. For example, average concentrations of PCBs in adult black-footed albatross preen
oil samples were approx. 74-78 times higher than concentrations found in plasma samples
(Wang et al., 2015). Levels of several POPs (PCBs, PBDEs and OCPs) were ten to hundredfold
higher in preen oil comparing to their levels in blood or body feathers of nestling white-tailed
eagles (Eulaers et al., 2011a). Also in a study by Briels et al. (2019), preen oil was characterized
with a much higher POP concentration as compared to feathers and plasma, the dominating
compounds were OCPs (169-3560 ng/g). Solheim et al. (2016) found the highest concentra-
tions of analyzed POPs in preen glands (X POP for feathers 79.3£47.9ng/g; for livers
711 +462ng/g wet weight; for preen glands 2739+ 1260 ng/g wet weight). They also found
small, but significant differences for POP profiles in feathers, preen oil and livers of adult kitti-
wakes, with preen gland and feather profiles being the most closely related (Solheim et al.,
2016). POP profiles were very similar between preen oil and plasma in a study by Briels et al.
(2019). Strong correlations found between blood and preen oil concentrations in nestlings sug-
gest that preen oil very well reflects internal contamination (Eulaers et al., 201la; Leseth
et al., 2019).

A study performed on adult birds of 24 species examined the utility of preen gland oil to
monitor PCBs, DDTs and HCHs (Yamashita et al., 2018). High differences between species were
found: the X20PCBs concentrations found in birds was from 1.9 to 60 700 ng/g-lipid; ZDDT con-
centrations ranged from 1.4 to 22899 ng/g-lipid; concentrations of XHCHs were from 0.2 to
506 ng/g-lipid. The factors most important for level of chosen POPs in preen oil were geographic
concentration patterns and species dietary behavior (Yamashita et al., 2018).

Yamashita et al. (2007) found higher proportion of lower-chlorinated PCB congeners in the
preen oil as compared to abdominal adipose, suggesting less time to undergo metabolization
before they were secreted from the preen gland. Also, a weak but significant correlation was
observed between the PCB levels in the oil and the adipose tissue, with even higher correlation
when correcting for the metabolic loss of PCBs. Wang et al. (2015) detected mainly highly chlori-
nated congeners in preen oil. Also in the studies done by Eulaers et al. (2011a) more higher
chlorinated PCB congeners were detected in preen oil.
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The degree of PFASs excretion via the preen gland is still barely understood, but high levels
for PFOS and low levels for PFOA and PFHxS were found in preen oil collected from the barn
owl (median PFOS 431.2 ng/g wet weight; Jaspers et al., 2013).

4. Blood
4.1. Tissue characterization

Blood is a widely used matrix as it circulates through the whole body transporting nutrients and
also contaminants. Factors like high tissue perfusion rates, enable circulating blood and internal
tissues to very quickly attain equilibrium with each other for lipophilic and persistent POPs such
as OCPs. However, this is not the case for quickly metabolized or eliminated compounds
(Bustnes et al., 2001). The half-life of contaminants is usually shorter in blood than in internal
tissues (Espin et al., 2016). Low lipid content in blood also means that lipophilic contaminant
concentrations are lower, meaning that a relatively high volume of blood should be collected to
exceed analytical limits and provide enough samples for repetitions (Espin et al., 2016). However,
to ensure bird well-being, the volume of sampled blood should not exceed 1% of the bird’s body
weight, and even less during energetically demanding time periods (Fair et al., 2010). Thus, ana-
Iytical problems with too low a sample amount may occur for small species, such as passerines.
In larger species, such as birds of prey, both adults and nestlings can be sampled (e.g. Ortiz-
Santaliestra et al., 2015; Pittman et al., 2015).

Sampling time is essential when using blood for monitoring purposes (Bustnes et al., 2017).
Species differences may be caused by differences in breeding strategy. For instance, common
eiders (Somateria mollissima) are fasting during incubation, using stored fat reserves and remobi-
lizing contaminants from the fat to the blood stream. Thus, contaminant levels in blood collected
during incubation might not reflect only the recent diet, but also contaminants remobilized from
fat (Thorstensen et al., 2021).

Lipid percentage and quality and the concentration gradient may impact the partition of POPs
between blood and internal tissue (Bustnes et al., 2001). Several factors may affect concentrations
of POPs in birds’ blood, including altered transport during a season, diet, remobilization of lipid
stores and sex, as some POPs may be eliminated from the body through egg production (Bustnes
et al.,, 2017).

Information about bird exposure can be gained using whole blood, plasma, serum or red blood
cells (RBC) (e.g. Gebbink & Letcher, 2012; Jaspers et al., 2008; Olsson et al., 2000; Pittman et al.,
2015). Serum can be obtained by allowing whole blood without anticoagulants to clot at room
temperature. RBC and plasma are usually isolated by centrifugation (Ehresman et al., 2007). For
whole blood and plasma, anticoagulants such as heparin or EDTA are needed to prevent coagula-
tion (Espin et al., 2016; Wang et al., 2015). Whole blood is a complex matrix and proper frozen
storage conditions are necessary to maintain its stability (Ehresman et al., 2007). Using whole
blood prevents potential loss of compounds in the cellular fraction and a smaller volume is
needed for the analysis (Espin et al., 2016). Unless samples are stored for an extended period of
time under frozen conditions, during which lysis of cellular components can occur (Ehresman
et al., 2007). For compounds such as PFASs (including PFOS, and PFOA), which are not attached
to cellular components, levels in plasma or serum can be twice the level in whole blood
(Ehresman et al., 2007).

4.2. Advantages and disadvantages of use

Blood can be sampled from adults and nestlings. It can be collected during egg incubation and
the early chick-rearing period to investigate relationships between contaminant concentration and
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parental care, including plasma hormone levels and egg-turning frequency (Blévin et al.,, 2020;
Tartu et al, 2014). It also allows study of the association between concentrations of endocrine-
disrupting chemicals and hormone balance in the body, including stress hormone or plasma
carotenoid concentrations (Ask et al., 2021; Bortolotti et al., 2003; Tartu et al., 2014). Blood is a
source of information regarding birds’ immune or inflammatory response, and blood clinical-
chemical parameters (BCCPs) associated with liver and kidney damage, bone diseases and meta-
bolic disorders (e.g. Sonne et al., 2010, 2013). Blood may also be used to study the influence of
recent food intake and regional site-specific differences on contaminant concentrations in distant
populations (Carravieri et al., 2017; Olsson et al., 2000).

POPs levels in blood may be affected by intra-individual temporal variation (Bustnes et al.,
2001), migration strategies and diet specialization which may be influenced by individual behavior
resulting in inter-colony variation (Leat et al., 2013, 2019). During the breeding season, females
may have lower blood levels of POPs as a result of compound deposition in eggs. However, some
studies have revealed inconclusive patterns—e.g. differences in OCPs not found between sexes,
but found for part of the PFAS congeners, suggesting that they may be deposited into eggs
(Bustnes et al., 2008).

Sampling may carry a risk of disease transmission. The amount of the sample must be appro-
priate, otherwise it could be difficult to approach analytical limits (Jaspers et al., 2008; Yamashita
et al., 2007). It requires some technical skills and may cause stress in birds. Blood samples should
be preserved in refrigerator or buffer solution.

To overcome challenges with sample collection, dried blood spots may in a certain cases be
a better alternative for plasma sampling (Perkins & Basu, 2018). Dried blood spots are a
method for collecting blood samples by applying it to a specialized filter paper and then air-
drying (Perkins & Basu, 2018). This method was first developed to detect metabolic diseases in
newborns (Guthrie & Susi, 1963). In the case of birds it was used mostly for toxic metal expos-
ure assessment (Lehner et al., 2013; Perkins & Basu, 2018), but also for several organic pollu-
tants (Shlosberg et al., 2012). For a single dried blood spot, less than 60 ul of blood is needed
(Perkins & Basu, 2018; Shlosberg et al., 2012). Also, anticoagulant is unnecessary (Espin et al.,
2016). This method includes the need for the right protocol and there is also a high potential
for external contamination. Not all laboratories can provide sufficiently sensitive methods
(Espin et al., 2016).

4.3. Examples of the use of blood in field research

One of the most beneficial things about using blood is the possibility to simultaneously study
other factors, such as possible association with reduced body condition and lower triglyceride lev-
els (Ortiz-Santaliestra et al., 2015). It can also be used to determine temporal trends in exposure,
e.g., in a study conducted on bald eagle (Haliaeetus leucocephalus) nestlings, plasma collected
between 1997 and 2010 showed decreasing concentrations of PCBs and DDT, with the opposite
trend for dieldrin (Pittman et al., 2015). Studies performed on the birds of prey from Norway
suggested that some POPs may impact blood plasma biochemistry markers, including liver and
renal parameters (Sonne et al., 2010).

Based on analysis of plasma from bald eagles, the researchers found that in this species,
XPCBs and DDE concentrations increased with trophic level and marine input, while XPBDEs
concentrations were not significantly dependent on trophic level (Elliott et al., 2009). Plasma of
fledgling sea eagles was characterized by significantly lower concentration of PBDEs comparing
to body feathers, no significant difference was found for ZPCBs, and OCPs (Eulaers et al.,
2011a). Blood of the southern giant petrels (Macronectes giganteus) living in Antarctica was
sampled to compare organic contamination levels between adults and chicks, with the levels
being significantly higher in adults for PCBs and OCPs most likely resulting from
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bioaccumulation during breeding and wintering time, with almost no sex differences reported
(Colabuono et al., 2016).

Blood is broadly used to determine PFASs concentration in birds. Gebbink and Letcher (2012)
found that PFASs plasma/RBC pattern in herring gulls (Larus argentatus) was dominated by
PFOS and also contained high percentages of C8-C11 PFCAs. When comparing the concentra-
tions of C4-Cl15 perfluorinated sulfonates (ZPFSAs) and carboxylates (ZPFCAs) between plasma
and red blood cells, they were significantly higher in plasma (Gebbink & Letcher, 2012), which
contains protein such as albumin to which PFASs may bind (Bustnes et al., 2008; Jones et al.,
2003; Verreault et al, 2005). Plasma had the highest concentration of linear PFOS and high
detection frequency, in contrast to feathers (DF = 100% vs DF: 48.9%) in study by Leseth et al.
(2019). Also in plasma the highest level of PFAS was found (1.37-36.0 ng/mL) in the study by
Briels et al. (2019).

In Herzke et al. (2009) study, PFOS was prevalent in seabird egg, plasma and liver samples,
with similar median concentrations (27-32 ng/g ww). Other congeners varied between the sample
types; e.g. PFOA was detected at low concentration in birds’ plasma (2-6ng/g ww), but was
undetectable in eggs and rarely found in liver (Herzke et al., 2009). Of all analyzed compounds in
plasma and liver (lipophilic POPs, PFAS), PFASs were the major compound group (70-80% of
the pollutant burden [Herzke et al., 2009]). In the biological materials collected from glaucous
gulls (Larus hyperboreus) living in the Norwegian Arctic, PFOS was also the predominant PFAS
in all studied samples (plasma, liver, brain, eggs), being the highest in plasma (48.1-349 ng/g ww)
followed by liver, eggs and brain (Verreault et al., 2005). Perfluorocarboxylic acids (PFCAs) with
8-15 carbon had the highest concentrations in plasma (sum PFCA: 41.8-262ng/g ww) (Verreault
et al., 2005).

Tartu et al. (2014) showed that hatching success may be affected by high concentrations of
PFDoA. The longer-chained PFCAs were the dominant compounds found in adult chick-rearing
kittiwakes (Tartu et al., 2014). Studies on small passerines found that great tits living close to a
large fluorochemical plant had extremely high PFOS concentrations: in liver these were
553-11359ng/g and 24-1625ng/ml in blood; the concentrations were highly correlated between
liver and blood (Dauwe et al., 2007). Another study showed that blood PFOS concentration
decreased with increasing distance from the plant, but for other PFASs no clear distance gradient
was observed (Groffen et al., 2020).

PFASs were also analyzed in the plasma of the white-tailed eagle and northern goshawk
(Accipiter gentilis) nestlings. Significant differences in exposure were found, with the higher levels
detected in the white-tailed eagle (XPFASs Median = 45.83 vs 17.02ng/mL) (Gémez-Ramirez
et al,, 2017). Differences were most likely caused by the dietary input, as the northern goshawk is
associated with woodland areas, and the white-tailed eagle with the marine food web (Gémez-
Ramirez et al., 2017).

5. Eggs
5.1. Tissue characterization

Breeding time is a demanding period for any birds, and during egg formation contaminants are
transferred into the egg from female lipid deposits. Thus eggs indicate the contamination of the
area where the female birds were feeding during egg formation, and may include exposure in the
areas used before nesting (Martinez-Lépez et al., 2007; Zhao et al., 2019).

Eggs represent the earliest life stage, when birds are highly sensitive to contaminants. The
size of the clutch, as well as the size of the egg and the embryo development strategy, affect
how much lipid and protein is mobilized and transferred to the single egg (Van den Steen
et al., 2009). But in general, they have a high fat content and both lipophilic POPs and PFASs
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can be transferred to them from the female body (Dauwe et al,, 2006; Gebbink & Letcher,
2012). Some POPs are eliminated more easily to the developing eggs (Bustnes et al., 2017). In
fact several factors may affect which compound would be effectively transferred to eggs, and
especially compound chain length, but also hydrophobicity, persistence and recalcitrant charac-
teristics (Gebbink & Letcher, 2012; Holmstrom & Berger, 2008; Verreault et al., 2006; Vicente
et al., 2015). When sampling eggs, little intervention should be made and the number of visits
to a single nest should be limited. To ensure this, sampling only a single egg from multiple
clutches instead of repeatedly returning to the same few clutches is preferred when possible
(Morganti et al., 2021).

For biomonitoring purposes contaminant burden may be determined in full eggs (the most
common) or in egg compartments left after hatching, such as eggshells or extra-embryonic mem-
brane. Post-hatching eggshells are relatively rarely used in environmental monitoring studies. The
record of contaminants in eggshell represents relatively a short time of pre-laying, and exposure
comes from various areas depending on the species foraging strategy (Becker, 2003). Some com-
pounds may be adsorbed by the developing embryo. Therefore, the information obtained from
egg shell analysis alone is limited. Extra-embryonic membranes can also be used in some cases,
e.g. those from peregrine falcon eggshells were used as an indicator of chemical exposure (p,p’-
DDE) by Peakall (1974) to demonstrate an increase in DDT exposure in a top predator. The
chorioallantoic membranes of the eggshells can be used as a direct indicator of the DDT level in
the egg, through a calculated correlation index (Cobb et al., 2003).

Eggs comprise yolk and albumen. They are often homogenized and then analyzed for com-
pound concentrations (e.g. Ahrens et al, 2011; Braune et al., 2015; Holmstrom et al., 2010;
Martinez-Lépez et al., 2007). Recently some reports have stated that, if eggs were embryonated, it
is better to use whole homogenized eggs (Morganti et al., 2021). But a study done by Vicente
et al. (2015) showed that for some compounds partitioning between those components may
occur. The authors found that only yolk samples contained detectable levels of PFASs (with
PFOS being the main compound), which was probably caused by differences in composition
(yolk has more lipids and proteins than albumen, which is 88.5% water; study on the Audouin’s
gull [Larus audouinii]) (Vicente et al., 2015). Also Gebbink and Letcher (2012), could not detect
any PFASs in the albumen of herring gulls, while they were present in the yolk. Similarly, Wang
et al. (2019) found significantly higher concentrations of PFASs in yolks than in albumen in
chicken eggs collected around a fluoro-chemical plant. Thus, using whole egg homogenates to
monitor those compounds may result in diluted detected concentration (Gebbink &
Letcher, 2012).

5.2. Advantages and disadvantages of use

Contaminants deposited in eggs may be assimilated from different locations (especially for long-
distance migrants) and a relatively long time period as it comes from food ingested and the
mobilization of female body stores (Burger & Gochfeld, 1997; Martinez-Lopez et al., 2007; Zhao
et al., 2019).

Eggs can usually be easily obtained and transported, and their collection allows the invasive
sampling of adult individuals to be avoided. One egg typically provides enough material for
organic compound analysis to proceed (Morganti et al., 2021). They should be kept in the cold
conditions to prevent decay. It is often assumed that for birds, with a number of eggs laid by a
female, a single egg can represent the contamination levels of a whole clutch (Van den Steen
et al., 2006). However, during a laying period, variable factors may cause within-clutch differences
between capital and income breeders. For capital breeders, maternal resources are used for pro-
duction of the first eggs, so the contaminants accumulated in lipids may be transferred into
them. Daily diet is used to produce later eggs, so within-clutch variation caused by laying
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sequence is expected (Espin et al., 2016; Lasters et al., 2019). Income breeders, such as passerines,
mostly use exogenous resources (diet) for the egg formation, and endogenous reserves are usually
used, if needed, for the last eggs. So in this case the last eggs would show the female charge of
pollutants (Vicente et al., 2015). Thus, income breeders would be useful to expose local contamin-
ation (Morganti et al., 2021), although it may also have a minor contribution of the previous win-
ter intake (Pereira et al., 2021).

The egg-laying order may affect the concentration of organic compounds in eggs, although the
data are inconclusive. Some studies find a clear decrease in the concentration of organic com-
pounds in later eggs (a decrease according to egg-laying order of 36% for the sum PCBs, 31% for
the sum OCPs and 45% for the sum PBDEs in Van den Steen et al., 2009) or no clear effect of
laying order (Reynolds et al, 2004; Van den Steen et al, 2006; Verreault et al, 2006).
Interestingly, differences can be found even in two species of income breeders: an effect of egg-
laying order for PCBs, OCPs, PBDEs was found in the blue tits (Cyanistes caeruleus), while no
such effect was found in earlier studies on the great tits (Van den Steen et al., 2006, 2009). These
differences may be due to species differences such as clutch size, female size, physiological proc-
esses of lipid uptake, metabolism, percentage of energy to body weight invested in eggs, or differ-
ences in study methodology (Van den Steen et al., 2009). For PCBs and PBDEs, but not for
OCPs, the variance in concentrations was greater among clutches than within clutches, suggesting
that for these two groups a single randomly collected egg from a clutch can be useful as a biomo-
nitoring tool. For OCPs consistent collection of the same egg from the laying sequence was sug-
gested (Van den Steen et al., 2009).

For PFASs a decreasing concentration of PFOS was found according to laying sequence
(Audouin’s gull clutch [Larus audouini]; Vicente et al., 2015). Other PFASs were mostly detected
in the first eggs, and in this case using the last one would lead to underestimated exposure
(clutch of three eggs). The authors’ suggestion was to collect and analyze the first egg, as in gen-
eral it may contain the highest level of PFASs. For species with larger clutches (e.g. passerines)
large variations in PFAS concentrations were also found, with the authors suggesting the collec-
tion of the same egg along the laying sequence (e.g. for great tits, the first and third egg were pre-
ferred) (Lasters et al., 2019).

Eggs can be collected only in a specific period of time and from just one section of the popula-
tion (adult females). Obtaining a complete picture of exposure can be particularly problematic if
there are significant differences in feeding behavior between females and males. Also, some
birds start having chicks very late in life (e.g. albatrosses), so the young generation cannot be bio-
monitored using eggs or eggshells. Biomonitoring of individuals that skipped breeding would also
not be possible.

Egg collection is expected to have a minor impact on population (for highly dense popula-
tions), but for species producing limited numbers of eggs, this method is not applicable
(Jaspers et al., 2008). In particular, species that produce a single egg per season are the most
vulnerable to this type of biomonitoring. Egg sampling is also not suitable for rare, endan-
gered species or for species with a low breeding success. The exception is to use unhatched
eggs (unfertilized or addled eggs), but in this case the number of available samples may be
low. Also, in unhatched eggs, concentrations may not be stable due to posthatch microbio-
logical degradation of organic contaminants. It can be especially significant for less persistent
transformation products, such as oxychlordane, which can be detected as a result of microbio-
logical degradation (Dauwe et al., 2005; Espin et al., 2016; Morganti et al., 2021). Also failed/
addled eggs are nonrandom and represent only failed breeding outcome, and thus are more
likely to have accumulated sufficiently high concentrations of contaminants to have affected
hatchability (Espin et al., 2016). Post-laying diffusive loss of water may result in weight loss
of eggs, so correction/normalization of results for lipid or water content may be needed
(Espin et al., 2016).
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5.3. Examples of the use of eggs in field research

Transfer of contaminants to the eggs can be species dependent, with differences caused by vari-
able diet or exposure pathways (Ahrens et al, 2011; Van den Steen et al, 2009). For instance,
when comparing contaminant concentrations in herring gulls and common eiders authors have
found higher maternal transfer ratios of lipophilic OHCs in gulls. Authors have also found higher
numbers of lipophilic OHCs in herring gull eggs (Thorstensen et al., 2021). Braune et al. (2015)
found a dominance of BDE-47 and -99 in BDE congener profiles in eggs collected from North
American seabird species. Temporal trends showed a changing pattern of use of products con-
taining flame retardants.

Eggs of snow buntings (Plectrophenax nivealis) feeding solely on the terrestrial food sources
from Arctic areas were used to determine legacy and emerging organic contaminants levels in
colonies from three different settlements in Svalbard. The relatively narrow foraging ranges of
these birds during breeding season allowed assessment of potential point sources for contami-
nants. Significant differences were found between places for a number of compounds, e.g. PCBs
or PFOS and PFCAs. High differences were sometimes found between closely located nests
(Warner et al., 2019). Dauwe et al. (2006) compared the concentrations and profile of the PCBs,
PBDEs, and OCPs between the great tit eggs and nestlings. The concentrations found in the eggs
were 4-6 times higher, and as the nestlings were getting older the profile changed as the propor-
tion of many POPs decreased.

Eggs are seen as a good proxy for contamination by environmental PFASs via maternal expos-
ure (Morganti et al., 2021). Bertolero et al. (2015) intended to determine the maternal transfer of
PFASs from female blood to eggs in seabirds living in Ebro Delta Natural Park in Spain. As a
result, the authors assessed the transfer capacity from blood to first eggs of two gull species, yel-
low-legged gulls (Larus michahellis) and Audouin’s gull (Larus audouinii), to be around
6700 £2700 ng per egg and 5500 + 1600 ng per egg, respectively.

Of all PFASs, PFOS is often a predominant compound in bird eggs (Ahrens et al, 2011;
Holmstrom & Berger, 2008; Holmstrom et al., 2010; Morganti et al., 2021; Pereira et al., 2021).
The PFOS concentration in eggs from the common guillemot (Uria aalge) approximately three
times higher than in adult female livers, which may suggest efficient transfer during egg forma-
tion (Holmstrom & Berger, 2008). Ahrens et al. (2011) assessed long-term exposure to PFASs in
unhatched tawny owl (Strix aluco) eggs over a period of 24 years (up until 2009). Over this time,
PFOS was the dominating congener in the egg profile, but with a decreasing trend of 1.6% annu-
ally. On the other hand, the contribution of C10-C13 PFCA increased over this period by
4.2-12% annually.

Unhatched eggs were used in numerous studies e.g. in predatory bird species to analyze tem-
poral trends in PFASs concentration (Holmstrom et al., 2010), or to measure residues of OCs
and PCBs (Martinez-Lopez et al., 2007). PBDEs were analyzed in failed eggs from two colonies of
white stork (Ciconia ciconia) in Spain, and higher brominated BDEs dominated the congener pro-
files (Munoz-Arnanz et al., 2011).

Studies performed by Zhao et al. (2019) showed that the major pesticides accumulated in egg-
shells were chlordanes and HCHs, possibly from soil. Although they found bioaccumulation
potential to be higher for feathers than eggshells, the latter were still proven to be useful for pre-
dicting POPs pollution in the study area (Zhao et al., 2019). Matache et al. (2016) used chorioal-
lantoid membrane to determine several OCPs. The prevalent contributors to the total
organochlorine were DDT congeners, and gamma-HCH was the main congener from the HCH
isomers. Also, concentrations were mostly higher than those from feathers, suggesting significant
maternal transfer of pollutants to embryo. However, the difference was species dependent; for
example, in Anas sp. the OC concentration was up to ten times higher in eggshells, whilst in a
top predator, the seagull (Larus argentatus), feathers had higher concentrations of OCPs
(Table 3).


http://mostwiedzy.pl

<
=
L
19
=2
x
<
=z
>
U
<
o
[a)
<

ybIH

MO

(Induy |eusalew
Ajuo) wiay buo

ybIH

Mo

wJia1-uoys
(s10ds poojq
paup Jo4 pasinbai jou) ewse|d
pue poojq 3joym Joj Juejnbeodnue

ybIH

Mo

wi9l-uoys

mo| KIap
(poyraw bBujues)d
Jadoid yum padnpas aq ued) ybiH
(ymoub 1ayiesy jo
SHIIM €—7 UIYUM SISY1es) 3y Jo
2INIONIIS [eusdlul Y3 ul paysodap
aJe spunodwod) wil-buoq

(49z9344 3y U1 3q pnoys Auip

uonezjjoqelsw

spunodwod 10} A|iqIssod
uoIRUIWRIUOD

[eUIIXD 40§ AM|IqISSO4

pouad ainsodx3

uonIpuod pjod salinbay pue uonipuod pjod ainbay uonIpuod pjod salinbay 10 19m Ajuo) aunjesadwal usIquy abeiolg
pauIWIdIAP Jou
bram Apoq SI 9NjeA wnwiulw 3y} ‘siskjeue a|qissod siayiesy Jo sadAl Juasayip
yo1np 1ad auQ S,pAIg 9Y1 JO 9% | WnWIXepy paad0id 03} ybnous sem Bw o¢ JO UoID3||0D ‘papasu bw Q0T 15ed| 1Y uol323]|0)
Jloyeq

sbb3

[
pooig

j10 udalg

layies

|d'Azpaimisow woly papeojumoq

*(M31A31 By} Ul papiaoid s9duURI9)RI U0 paseq) ssadoud Bupjew-uoisidEp ayl dusnpul Aew 1eyy aseyd Aiojesedaid ay) 01 JueA3jal 10108} A3y Jo Alewwns € d|qe]

ISOW N/ V


http://mostwiedzy.pl

A\ MOST

CRITICAL REVIEWS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY 19

6. Conclusion and perspectives

Non-lethal sampling becomes an important part of environmental studies. It offers more ethical
choices by leaving studied animals alive and often has practical advantages, including storage and
collection of samples. Following the recommendation made by previous studies, the benefits and
drawbacks of using four nondestructively collected biological materials from birds were presented.
The choice should be made with an informed decision, knowing the factors that can affect the
concentration of compounds in them and also how the collection can affect birds.

The decision of whether it is feather, blood, preen oil, or egg should be made based on the
species ecology, habitat, breeding tactics and biological sample characteristics. It should be
noticed that for newer emerging compounds, often little data exist. But this is changing; for
instance, an organophosphate insecticide chlorpyfiros was found in feathers (Adrogué et al., 2019;
Gonzéilez-Gomez et al.,, 2020). Briels et al. (2019) found that the dominant compounds in gos-
hawk nestling feathers were phosphorus flame retardants. Another example is the use of blood to
detect novel contaminants, confirming the presence of novel flame retardant HBB (hexabromo-
benzene) in six individuals (per 30 studied in total) (Lewis et al., 2020). Non-PBDEs halogenated
flame retardants and organophosphate ester flame retardants were analyzed in eggs collected
from the herring gulls (Su et al., 2015). These compounds are not the focus of the presented pub-
lication, but this indicates that interest in non-lethal approaches is growing. In the future, we
should see more studies using the non-lethally collected samples, and those are needed to make a
clear division as to which matrix is reliable for which compound.
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