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Abstract

PhD Thesis – Jhon J. López-Perea
Animals can select habitat according to cues of the environment that they
associate with better survival and reproductive success, however, if an environment
changes suddenly, the normal cues might no longer correlate with the expected
outcome and as a result, the animals may be involved in an ecological trap. An ecological
trap as a situation in which organisms prefer a low-quality habitat over superior habitats.
This trap can lead to extinction if a population falls below a critical size threshold before
adaptation to the novel environment occurs.
In this thesis, I evaluated presence of the ecological traps for wildlife driven by
pollutants in two scenarios that may affect a great number of wildlife: (Scenario 1)
wetlands receiving effluents of wastewater treatment plants (WWTP), which are highly
productive habitats for many bird species; and (Scenario 2) habitats with high densities
of rodents and an intensive use of anticoagulant rodenticides, which can attract and
poison several species of predatory birds and mammals.
To achieve these goals, firstly (scenario 1) I evaluated the presence and
concentration of environmental pollutants in sediment and in blood, feathers and preen
oil of common moorhens (Gallinula chloropus) from Navaseca Pond, which receives
directly the effluent of a WWTP; and from Tablas de Daimiel National Park (TDNP), which
is a floodplain less affected by urban discharges. In addition changes on physiological
and biochemical biomarkers were also studied. In scenario 2, I studied the prevalence
and levels of anticoagulant rodenticides (ARs) in non-target species of wildlife and the
environmental factors that influence such exposure.
In the scenario 1, samples of sediment from Navaseca Pond had concentrations
of Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd and Pb higher than sediments from TDNP; only Se was
higher in TDNP than in Navaseca Pond possibly by the presence of seleniferous soil in
the basin. Regarding to biological samples of common moorhens, blood levels of Hg and
Se were higher in moorhens from TDNP than those from Navaseca Pond and 24.4% of
moorhens exhibited levels of Se above the threshold value associated with Se toxicity in
birds. In feathers, Hg, Se, Mn, Cu and As levels were higher in TDNP than in Navaseca
Pond. PCBs and p,p'-DDE were found in 32% of the blood and 51% of preen oil samples
of the moorhens and both types of compounds were higher in Navaseca Pond than in
TDNP in both type of samples. These levels of OC's indicated no direct threat, because
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PCBs and p,p'-DDE were below any threshold described for effects on parental breeding
behaviour or eggshell thinning.
Preen oil wax composition of moorhens was dominated by monoesters of 35 to
38 carbons and displayed a seasonal variation, in which long-chain waxes were more
abundant during the breeding season, as an adaptation to reduce olfactory signals
response to avoid predation by mammals. Moorhens in Navaseca Pond showed less
marked seasonal variations in wax preen oil composition and sex hormone levels than
in TDNP. Exposure to biotic and abiotic pollutants in Navaseca Pond can are causing an
overexpression of the immune response and endocrine disruption in the common
moorhens. This birds also exhibited a lowest lipid peroxidation, but also lower levels of
circulating antioxidants and a greater activity of GPX, and the sum of the action of all
these antioxidants defences could explain that less oxidative damage.
In scenario 2, second generation anticoagulant rodenticides (SGARs) were
detected in non-target species, being bromadiolone, brodifacoum and flocoumafen the
most frequent by their high capacity to bioaccumulate in liver tissue. Generalist and
specialist species exhibited similar prevalence of ARs, but mammal predators showed
the highest concentrations, possibly by their generalist diet including rodents. Although
it is difficult to confirm the death by ARs poisoning, 23.3% (Chapter 5) and 37% (Chapter
6) of individuals had more than 200 ng/g of ARs in liver associated with adverse effects
and in many cases this was accompanied by the presence of haemorrhages. The use ARs
as biocides was determinant in the exposure of non-target species, and it was associated
mainly with human density population, urbans areas and/or cattle farms, probably
because the high density of commensal rodents found in these environments attracts
predators to areas with intensive use of ARs.
Although the presence of an ecological trap driven for environmental pollutants
was not fully demonstrated in the studied scenarios because of the lack of strong
evidences of population effects, I have contributed in the development of a rationale for
the work within the ecological trap framework in the field of ecotoxicology.
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1. ECOLOGICAL TRAP
1.1. The first descriptions of ecological traps
It was around 45 years ago, when Dwernychuk and Boag (1972) coined for first
time the concept of ecological trap to represent the paradoxical relationship between
ducks and gulls in Alberta (Canada). They studied the reproductive success of ducks
nesting in association with gulls, which provided protection to nesting duck by mobbing
activities that prevent the attack of others egg-eating birds. The trap consisted in the
fact that although the gulls provide protection to the eggs, themselves prey on
ducklings, which appear as an opportunity when young gulls are large enough to
consume such prey. They found a positive correlation between duckling mortality and
the number of associated gulls, thus when relationship between duckling survival and
adult duck mortality was negative this became in an effective ecological trap. From the
fact that duck choose this place every year despite of having a high mortality of their
ducklings, researchers defined an ecological trap as a situation in which organisms
prefer a low-quality habitat over superior habitats (Battin, 2004; Robertson and Hutto,
2006).
There are two essential questions that we must answer to understand the
mechanism of an ecological trap and how an organism fall into it: (1) How do animals
select their habitats for living? (2) Why animals choose in some cases low-quality
habitats? It is known that animals can select habitat according to cues of the
environment that they associate with better survival and reproductive success (Kristan,
2003; Gilroy and Sutherland, 2007). These cues normally reflect a good quality of the
habitat for the present and, the most important, for the future. Based on the vegetal
structure or water resources in the habitat, the organism can choose a breeding site
and, in most of the cases, this decision comes from an adaptive election after an
evolutionary process (Schlaepfer et al., 2002; Robertson and Hutto, 2006; Robertson et
al., 2013). However, sometimes the environment changes suddenly and then these
natural preferences can become a wrong decision if the selected cues associated before
with high quality habitat, now are associated with adverse environmental factors that
affect individual fitness and survival of the population (Remes, 2000; Schlaepfer et al.,
2002).
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1.2. Mechanism of creation of the ecological traps
Before we describe the mechanism by which an ecological trap can occur, it is
necessary to make a differentiation with a similar ecological process known as the
source-sink system. The definition of the source-sink system involves the contrast
between a high quality habitat in which the animals have a positive growth rates and a
poor quality habitat where animals have negative growth rates. Animals would select
the good quality habitat, but when this is totally occupied the remaining animals are
forced to use the low-quality habitat. Therefore, this system could be considered as a
mechanism for the maintenance of the stability of the animal populations (Pulliam,
1988; Pulliam and Danielson, 1991). The difference between these two ecological
concepts is that in source-sink system the animals are forced to “choose” a bad habitat
and in the ecological trap the animals prefer the poor quality habitat over a high quality
one (Gilroy and Sutherland, 2007; Fig. 1). In the ecological trap, it is necessary that both
habitats are accessible to the animals and the individuals should exhibit a preference for
one over another (Battin, 2004).
We can identify three mechanisms involved in the development of an ecological
trap that are related with the type of change happening in the habitat (Robertson and
Hutto, 2006; Gilroy and Sutherland, 2007). The first mechanism occurs when the used
cues are altered or simulated in a way that resembles the appearance of a high-quality
habitat, but it is in fact a low-quality one. In this case some cues can be increase in
intensity doing a place more attractive, when is not in fact really suitable for survival, or
sometimes artificial elements could simulate natural cues leading to animals to choose
an unsuitable habitat and then fall in the trap. For example, glass or asphalt are wrongly
used by insects for oviposition, because these look like a surface of water (a pond or a
stream). The second mechanism is triggered when a sudden change in the habitat has
happened and has reduced its quality, but the natural cues remain intact. This
mechanism of the development of an ecological trap is the most frequently related with
the human intervention. In this case a change occurs that it is imperceptible for the
animals, but otherwise it is enough to cause a damage to the population. For example,
some bird of prey choose their habitat using the abundance of food (rodents and other
small mammals) as a cue. If a pesticide is applied in this habitat for the control of this
prey (e.g. anticoagulant rodenticides), then the birds of prey cannot identify the change
7
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and could be feeding on poisoned prey. The third mechanism occurs when the two
previous mechanisms act together. The suitability of the habitat is reduced, but at the
same time there is an increase in the intensity of the cue. An example of this mechanism
occurs when an insectivorous bird species choose the habitat on basis to fresh green
vegetation, which the birds associate to the presence of insects. If a chemical insecticide
is applied in a forest, it will reduce the suitability of that habitat but also can make the
vegetation to look greener and more attractive for birds, so they may finally settle in an
unsuitable habitat with misleading cues (Schlaepfer et al., 2002; Kristan, 2003; Battin,
2004; Robertson and Hutto, 2006; Gilroy and Sutherland, 2007; Robertson et al., 2013).

Fig. 1. Framework of the relation between habitat quality and habitat preference and how the
relationship with cues can drive to an ecological trap or a source-sink system (Adapted from
Battin, 2004).

1.3. Types of ecological traps
Based on the three mechanisms of creation of an ecological trap noted above,
Battin (2004) and Robertson and Hutto (2006) have defined two types of ecological
traps: (1) equal-preference trap and (2) severe trap. Equal-preferences trap is framed in
the second mechanism of creation of the trap and refers to the situation in which the
animals have the possibility to choose the habitat using the non-altered cues. Severe
trap is referred to mechanisms in which there are changes in the cues for the selection
8
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of habitat and the animals are wrongly conditioned to choose the habitat with more
intensive cues.

1.4. Field evidences of ecological traps
Several studies have tried to demonstrate the presence ecological traps for
wildlife, and most of them concur in the difficulties of recognizing them in the field.
There are three important evidences that can help us to demonstrate the existence of
an ecological trap: (1) it is necessary to prove than animals choose a habitat (low quality)
over another (high quality); (2) there must be a comparable measure of the health status
and/or fitness of the individuals for showing differences among habitats; and (3) the
health status or fitness of the individuals in the selected habitat must be lower than in
the individuals living in the non-preferred habitat (Robertson and Hutto, 2006;
Robertson et al., 2013). Birds have been the one most frequently used model species
used for the study of ecological traps. Weldon and Haddad (2005) demonstrated how
the edge effect attracts a high diversity and density of birds, but it can also affect their
reproductive success because of the concentration of nest predators there. Similarly,
nest-site selection and nest survival of rusty blackbird (Euphagus carolinus) was studied
in regenerated logged areas and they found that the birds tended to choose the
regenerated area over unaltered wetlands, but at the same time nest predation was
higher in this selected habitat (Powell et al., 2010). Other vertebrates have been
reported to fall in ecological traps. A well-known case are the hatchlings of sea turtles,
which use the light of the moon reflected on the water as an orientation system to find
the sea. In beaches surrounded by artificial light, the hatchlings tend to go in the wrong
way and this results in an elevated hatchling mortality (Witherington, 1997). Insect can
also fall in some probable ecological traps. For instance, male jewel beetles have been
observed attempting to copulate with beer bottles. Tubercles on the bottle are similar
to the color and reflection of the punctuations on the elytra of the beetle and this
mistake produces an attraction and the development of the sexual behavior that has
consequences on the mating and reproduction success (Gwynne and Rentz, 1983).

9
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1.5. Ecological traps for wildlife driven by pollutants
Although these traps have been present in nature in an evolutionary context, it
is in the fast-changing world after human action, when multiple scenarios of ecological
traps can occur and result in local or even massive extinction of diversity (Kokko and
Sutherland, 2001; Schlaepfer et al., 2002). Pollutants can be one of the important drivers
of ecological traps nowadays because: (1) contaminants can accumulate in highly
productive habitats attractive to animals (e.g. aquatic environments); (2) some
pollutants can produce an attractive cue to the animals, facilitating their exposure (e.g.
pesticides/rodenticides or other chemicals that impair survival or behaviour in prey such
that become easier to catch); or (3) many other scenarios in which the preferred habitat
or resource is intimately associated with the presence of a toxic chemical (López-Perea
et al., 2015; López-Antia et al., 2016). The way chemicals exert adverse effects can also
hinder the negative cues of polluted environments; for instance, if compounds are
present in concentrations that are acutely lethal, individuals are less likely to develop
avoidance behaviours. The mechanisms by which wildlife can adapt to polluted
environments, through behavioural or physiological changes, can be another factor to
consider in the study of ecotoxicological traps. The outcomes of potential ecological
traps driven by pollutants at local or global scales, and how these affect the evolution of
the species, offer a new viewpoint within the field of ecotoxicology. In this thesis, I
evaluate presence of the ecological traps for wildlife driven by pollutants in two
scenarios that may affect a great number of wildlife: (Scenario 1) wetlands receiving
effluents of waste-water treatment plants (WWTP), which are highly productive habitats
for many bird species; and (Scenario 2) habitats with high densities of rodents and an
intensive use of anticoagulant rodenticides, which can attract and poison several species
of predatory birds and mammals.

2. SCENARIO 1: WETLANDS RECEIVING EFFLUENTS OF WASTEWATER TREATMENT
PLANTS
2.1. Environmental risks associated with treated sewage water
World water shortage is today one of the biggest problems for the human
population, which makes necessary looking for solutions and alternatives to solve this
water crisis. These alternatives could range from persuading people to use less water to
10
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re-use treated sewage water (Bouwer, 2002; Vörösmarty et al., 2010). In fact, re-use
water is becoming a common practice in semiarid regions, wherein effluents from
wastewater treatment plants are an alternative water source for irrigation of parks,
crops, gardens and other uses (Asano and Levine, 1996; Chen et al., 2013). Currently, in
flat semiarid regions the destination of the effluents of wastewater treatment plants is
frequently natural or artificial wetlands. This last use has led to the transformation of
some temporary wetlands into permanents ponds or lakes with very different ecological
characteristics than the original wetlands (Verhoeven and Meuleman, 1999; Kivaisi,
2001; Navarro et al., 2011; Fig. 2). This type of permanent wetland tends to
eutrophication and then their high productivity makes them very attractive for
waterbirds feeding on aquatic invertebrates. However, these environments also have a
higher prevalence of pathogenic bacteria, chemical pollutants and a frequent
occurrence of disease outbreaks (Okafor, 2011; Vidal et al., 2009, 2013; Anza et al.,
2014).

Fig. 2. Example of wetland that receives directly the effluent of a wastewater treatment plant
(WWTP) (Navaseca Pond; Google earth).
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2.1.1. Microbial pathogens in the wetlands affected by sewage water
Several studies around the world suggest that sewage water can be hazardous to
waterbird populations, because the microbial pathogens found in these effluents have
been responsible of mass-kill events. Species of Salmonella, Escherichia and Clostridium
are some of the most common pathogens found in environments influenced by
wastewater treatment plant effluents (Lee et al., 2006; Naidoo and Olaniran, 2014).
Steiniger (1962) monitored the interaction between Salmonella and waterbirds at a
WWTP in northern Germany and found several individuals dead with lesions produced
by Salmonella infection. In South Wales, a 6.3% of the black-headed gulls feeding at
sewage outfalls carried Salmonella in their gut (Ferns and Mudge, 2000). In a study of
the ecology of botulism outbreaks occurred in several wetlands in central Spain, Anza et
al. (2014) found higher prevalence of several avian pathogens in those wetlands that
directly receive the effluent of WWTP than in those less affected by these effluents.
Differences between these two types of wetlands were found for the prevalence of
Escherichia coli in waterbird faeces (35.6 vs. 16.9%); Clostridium perfringens (Type A) in
water (62.5 vs. 16.7%), sediment (83.3 vs. 11.1%), and waterbird faeces (90.4 vs. 59.9%);
C. botulinum (Type C) in sediment samples (20.8 vs. 2.4%); and Salmonella spp. in faeces
(3.6 vs 0.4%) (Anza et al., 2014).

2.1.2. Chemical pollutants in the wetlands affected by sewage water
Besides pathogens, these aquatic ecosystems receive chemical pollutants from
treated sewage water coming from urban and industrial sources. Heavy metals,
polychlorinated biphenyls (PCBs), organochlorine pesticides, polycyclic aromatic
hydrocarbons (PAHs), detergents and drugs are some of the chemical compounds that
contaminate the wetlands (Alonso et al., 2002; Sánchez-Ávila et al., 2009). Risk
concentrations of these pollutants have been detected in sludge, sediment and water
from WWTP in several countries (Voutsa et al., 1996; Alonso et al., 2002; da Silva Oliveira
et al., 2007). For example, lead concentrations ranging from 54.2 to 223 µg/g and
mercury concentrations up to 0.31 µg/g have been detected in sediment and sludge
from WWTP in Spain (Pérez-Cid et al., 2001; Alonso et al., 2002). On the other hand
persistent organic pollutants (PCBs, PBDEs HCBs, HCHs) have been detected in sludge at
mean range concentrations between 0.01 to 698 µg/l (Martínez Bueno et al., 2012;
12
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Aparicio et al., 2009). Information about the concentration of environmental pollutants
in wildlife living in WWTP wetland is very scarce. Polybrominated diphenyl-ethers
(PBDEs) congeners were detected in common carp (Cyprinus carpio), java tilapia (Tilapia
nilotica), catfish (Silurus meridionalis) and Chinese softshell turtle (Chinemys reevesii) in
concentration up to 50 ng/g (Wang et al., 2007). On the other hand, field and
experimental surveys have demonstrated the adverse effects on animals associated to
WWTPs. 17a-ethinylestradiol (an endocrine-disrupting chemical) was given to wild
starling (Sturnus vulgaris) nestlings, mimicking exposure via the ingestion of earthworms
form WWTPs, and the exposed birds grew more slowly and showed poorer immune
function than controls (Markman et al., 2011). Bean and co-workers (2014) identified
fluoxetine as an important pharmaceuticals to pose potential risks to birds that forage
on the invertebrates living on WWTPs. Later, they carried several experiments to
determine the ecotoxicological risk (exposure, bioaccessibility and response) of this
pharmaceutical on vertebrates feeding in WWTPs, using starling as a model species
(Bean et al., 2014, 2016, 2017). The results revealed an exposure by the ingestion of
earthworms and suggested that fluoxetine at environmentally relevant concentrations
can significantly alter behaviour and physiology of the animals associated to these
environments.

2.2.

Effects of WWTP effluents on wildlife: an ecotoxicological approach with the

use of biomarkers
Wildlife inhabiting wetlands affected by WWTP effluents can result exposed to biotic
and abiotic contamination that interacts and produces mixed effects in their health
status. Under an ecotoxicological point of view, the chemical analysis of pollutants can
help to identify those compounds that can be associated with some adverse effects on
wildlife, but in the case of complex sources of pollution, like WWTP effluents, the
chemical analysis may not cover the full spectrum of pollutants present in the wetland.
Therefore, the use of non-specific biomarkers can give information of the health status
of animals exposed to different noxious substances and pathogens coming from WWTP
effluents.
The analysis of the particular environmental impact on birds is of vital importance
for assessing the health status of wetlands receiving WWTP effluents. Birds represent in
13
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many cases the highest trophic level of these ecosystems and, without doubt, are their
most emblematic components. However, precisely because of this privileged situation,
it is often difficult to obtain representative samples in sufficient quantity for a reliable
ecotoxicological analysis. In many cases, and especially in protected or threatened
species, sampling has to be limited to animals found dead or trapped alive.
The assessment of the biological effects of contamination in live birds has been
carried out in most of the cases by using blood or, less frequently, faecal samples. The
most commonly used parameters are those related to oxidative stress, endocrine
disruption and immune response (Mateo et al., 2006; Alonso-Álvarez et al., 2008; LópezAntia et al., 2015a; Vallverdú-Coll et al., 2015).

2.2.1. Oxidative stress
Before describing what oxidative stress is, it is necessary to cite the forces involved
in this event. The most important role in the oxidative stress is played by oxygen (O2),
which is an essential element for animals. However, oxygen can yield through several
chemical pathways the reactive oxygen species (ROS), which are the main pro-oxidant
agents and first forces in oxidative stress. There are several ROS with different degrees
of toxicity and all of them are formed by reactions characterized by the gain or loss of
electrons and protons. When O2 receive an electron it gives to superoxide (O2-), which is
a dangerous ROS. If O2 receives one electron and two protons is gives to hydrogen
peroxide (H2O2), a ROS and antimicrobial agent used by animals in their immune
function. When H2O2 receives one electron and one proton it produces one water
molecule and one hydroxyl radical (OH.), possibly the most harmful ROS in living
organisms (Sies, 1986; Halliwell, 2007). All these ROS are toxic and produce damage in
some important biomolecules like lipids, proteins and nucleic acids.
The second force in the oxidative stress is the defence against ROS. This defence
is done by several antioxidant systems: (1) the antioxidant defence done by several
enzymes (superoxide dismutase, glutathione peroxidase), vitamins (retinol, tocopherol),
and carotenoids (lutein and others); (2) the regeneration activity, which recovers some
of the oxidized antioxidants to their reduced status (e.g. glutathione reductase); and (3)
the repairing system done by enzymes (phospholipases, peroxidases, glycosylases) that
fix the oxidative damage produced in biomolecules.
14
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Then, we have two opposite forces in this process, pro-oxidants and antioxidants.
Therefore oxidative stress is the condition wherein the pro-oxidant part overwhelms the
antioxidant and reparative capacity (Sies, 1997; López-Barea, 2000). Oxidative stress is
related to several stages of the living organism such as the development of sexual traits,
reproduction and immune system (Romero-Haro et al., 2016). Oxidative stress is one of
the most common adverse effects produced by environmental pollutants, and although
this impairment do not give information about a specific pollutant, it is a powerful
biomarker widely validated for measuring exposure and effects of metals,
organochlorine pesticides, PCBs, dioxins and other pollutants (Barata et al., 2010;
Martínez-Haro et al., 2011; Braune et al., 2011). The involvement of oxidative stress in
the adverse effects produced by specific environmental pollutants has been widely
studied in different animals models (Martínez-Haro et al., 2011; Rodríguez-Estival et al.,
2011; Vallverdú-Coll et al., 2015). Moreover, oxidative stress is part of the immune
response produced by macrophages against pathogens (Costantini and Møller, 2009;
Nathan and Cunningham-Bussel, 2013), so the measurement of oxidative biomarkers
can give an additional information about the exposure to biotic contamination (i.e
pathogens) from WWTP effluents.

2.2.2. Carotenoids and colouration of ornaments
Carotenoids are organic compounds that although they cannot be synthesized by
animals, they are involved in various physiological functions of animals. They are
synthetized by algae, bacteria and plants, while animals must incorporate them from
the diet (Britton, 1995; Goodwin, 1986). One of the most important functions in which
carotenoids are involved is in the protection against oxidative stress because these
compounds are powerful antioxidants. On the other hand, these pigments can also be
responsible of the colouration of ornaments in several species of animals. This fact
creates a paradoxical trade-off between the use carotenoids for the expression of
colourful sexual traits or for the antioxidant function (Alonso-Álvarez et al., 2008).
Because of above mentioned trade-off, secondary sexual traits can be explored as a
biomarkers for the exposure to environmental pollutants. The study of the influence of
oxidative stress in the development of secondary sexual traits began several years ago,
but the study of the effect of pollutants in this relationship is more recent. In an
15

PhD Thesis – Jhon J. López-Perea
experimental survey, red-legged partridges (Alectoris rufa) exposed to two insecticides
and one fungicide displayed variation in plasma antioxidant levels and ornaments
colouration. Fipronil (an insecticide) exposure reduced the antioxidant levels and
carotenoid-based coloration of integuments; imidacloprid (a neonicotinoid insecticide)
reduced significantly the eye ring chroma and slightly increased the beak redness of the
birds; and birds exposed to thiram displayed redder beaks than controls (López-Antia et
al., 2015a, 2015b, 2015c). Sublethal Pb exposure also causes variations in the plasma
levels of carotenoids and ornaments colouration. Female red-legged partridge exposed
in spring showed a decrease in plasma antioxidant levels, while males showed an
increase in the red colouration of integuments, suggesting that in spring Pb-exposed
females used antioxidants to cope with oxidative stress at the expense of colouration
whereas males invested this resource in the red-coloured ornaments (Vallverdú-Coll et
al., 2015). In a similar experiment, Pb exposure increased circulating antioxidant levels
in males, whereas the percentage of carotenoid pigmented eye-ring area decreased in
females (Vallverdú-Coll et al., 2016a). García-Heras et al. (2017) found associations
between PCBs and DDTs blood-levels, circulating carotenoid levels and the yelloworange coloration of the cere and tarsi of wild black harrier (Circus maurus). They found
that orange colour of cere and tarsus was positively correlated with carotenoid levels,
but were unrelated to blood PCB levels, although the brightness of integuments
increased with PCB level. Moreover, nestlings with more DDT had lower levels of
circulating carotenoids and reduced carotenoid-based coloration (García-Heras et al.,
2017).

2.2.3. Endocrine disruption: sexual hormones
Endocrine disruption is defined as the action of exogenous substances that causes
adverse health effects in an organism that are consequent to changes in the endocrine
function (Colborn et al., 1993; Fossi et al., 1999). Thyroid function and sex hormones (i.e.
estradiol and testosterone) are some of the best known biormarkers related with
endocrine disruption, especially because of the consequences on reproduction of their
disruption (Rattner et al., 1984). Estradiol and testosterone are two of the most
important hormones involved in the reproductive behaviour of vertebrates. These
hormones participate in physical development, gametogenesis, secondary sexual traits,
16
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mating success and even in the immune function (Grossman, 1985; Alonso-Álvarez et
al., 2007). The secretion of the sexual hormones is done primarily by testes in male and
ovaries in female and small amounts are also secreted by the adrenal glands. These
functions are regulated by hypothalamic control on the secretion of two gonadotropic
hormones from the pituitary gland (adenohypophysis), the follicle stimulating hormone
and the luteinising hormone (FSH and LH; Kumar et al., 2016). Levels of these hormones
vary in relation to sex, age and season, but also could vary by alterations in the health
status and body condition of the animal. Environmental pollutants can affect directly the
hormonal levels by interfering with some biochemical processes in the synthesis and
release of sexual hormones (Rattner et al., 1984; Iavicoli et al., 2009), or indirectly by
altering the overall health status. Hormonal secretion, gametogenesis, sperm function
parameters, folliculogenesis could be gravely affected by exogenous compounds (e. g.
heavy metals, PCBs, DDTs and dioxins). DDE and PCBs have been shown to reduce FSH
and LH levels in birds, they may act directly on the hypophysis and thus alter the
hormones levels and/or function, furthermore, PCBs have also been shown to
accumulate in the thecal gland cells of quail ovaries (Biessmann, 1981, 1982), and they
could interfere with gland action. Persistent organic pollutants (POPs) have been also
identified as an estrogenic xenobiotics because they mimic the natural estrogens,
resulting in a hormone-disrupting effect (Rattner et al., 1984). More evidence about the
hormone disruptions have been found in relation to other chemical pollutants; males of
red-legged partridge exposed fipronil had lower levels of testosterone than control
males (López-Antia et al., 2015a). The females of the same species showed a negative
relation between testosterone levels and Pb concentration in blood (Vallverdú-Coll et
al., 2016b). Mercury, cadmium, arsenic, manganese, nickel and zinc also act as endocrine
disrupting chemicals. For example, cadmium can mimic estrogen actions by reducing the
gene transcription of the estrogen receptor and increasing the gene expression of the
progesterone receptor (Reviewed in Iavicoli et al., 2009); and mercury can increase
progesterone synthesis by increasing the transcription of the enzyme 3-betahydroxysteroid

dehydrogenase,

responsible

for

converting

pregnenolone

to

progesterone (Mondal et al., 1997).
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2.2.4. Preen gland: waxes and fatty acids composition
The development and use of non-destructive biomarkers to study exposure and
effects of pollutants in populations at risk is an innovation in biomonitoring
methodologies. The secretion of the preen gland appears as an innovative alternative
sample and the waxes and fatty acids present in this secretion can be used as useful
biomarkers for study of the exposure to environmental pollutants with effects on lipid
metabolism (Mateo et al., 2003; Solheim et al., 2016; Jaspers et al., 2013). Fatty acids
are lipids formed by an aliphatic chain with a carboxylic acid. Fatty acids are important
structural molecules in the bilayer membrane, but also they can be precursors of
biologically active lipids. On the other hand, waxes are molecules formed by the
esterification of very long-chain fatty acids and alcohols (Tinto et al., 2017; Christie,
2018). Endogenous and exogenous factors, including xenobiotics, can influence in the
quality and compositions of these two precursor compounds, therefore waxes could be
used for monitoring of exposure to environmental pollutants. Waxes and fatty
composition from preen gland secretion can be powerful biomarkers, because (1) preen
oil has been used for monitoring of pollutant in several species of birds and the
concentrations in this secretion have been strongly correlated with samples such as a
blood, liver and muscle (Yamashita et al., 2007; Eulaers et al., 2011); (2) waxes and fatty
acid composition can be affected by the exposure to POPs and heavy metals (Borlakoglu
et al., 1990; Gutiérrez et al., 1997); and (3) waxes and fatty acid composition have a close
relation with important biochemical and endocrine processes such as gametogenesis,
sex hormone levels, the reproductive cycle and carotenoid pigment synthesis (Abalain
et al., 1984; Bohnet et al., 1991; García-de Blas et al., 2011). More detailed information
about the use of the secretion of the preen gland and its composition in waxes and fatty
acids as a useful biomarker is presented in the chapter 2 of this thesis.

2.2.5. Immune response
The immune system provides an ideal framework for studying the relationship
between an organism and its environment. Numerous studies show that contamination
can affect the functionality of the immune system (Eeva et al., 2005), so that
immunocompetence can be used as a biomarker of effect for various pollutants. At the
population level, a depression of the immune system can cause very severe effects by
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favouring the proliferation of pathogens and facilitating epidemics. Organisms exposed
to environmental pollution are forced to invest energy resources in the metabolism of
pollutants and detoxification, which occurs at the expense of other vital functions such
as immune response, which is highly dependent on the individual's condition (Sheldon
and Verhulst, 1996). The immune response is divided into innate and induced
components. The innate response provides the first line of defence against infections
and constitutes a series of mechanisms for disease resistance (e. g. macrophages,
granulocytes, NK cells, antimicrobial proteins or natural circulating antibodies - IgM) that
are not specific to a particular pathogen but recognize particular types of molecules
peculiar to those most frequent pathogens. The induced response does not intervene
until the organism is compromised by the entry of an antigen. The induced response is
divided into cellular components, including helper T-lymphocytes type 1 (Th1) or
cytotoxic (CTL), and humoral components that include either B lymphocytes that
synthesize antibodies (IgG) or helper T-lymphocytes type 2 (Th2) that stimulate B
lymphocytes (Klasing and Leshchinsky, 1999; Davison et al., 2008). The effect of
environmental pollution on the immune response in birds has aroused moderate
interest among researchers (Fairbrother et al., 2004). However, most studies are
conducted at an experimental level, allowing the analysis of induced responses that
require repeated manipulation of the same animal over time. Conversely, there are few
field studies on the immune status of birds and their relationship to contamination,
which is probably due to the difficulty of evaluating responses induced in these types of
studies where animals are usually captured only once; consequently, field studies, with
the exception of those performed on nestlings, usually allow only innate components to
be analysed.

2.3. How can treated sewage produce an ecological trap in waterbirds
Wetlands that receive effluents from WWTP can be natural o artificial habitats,
but many ecological processes associated with the input of nutrients and pollutants
form urban or industrial sources are common for both types of wetlands. A wetland
receiving the effluent of a WWTP suffers important transformations in their ecological
characteristics that results in a very different from the original wetland (Martínez-Santos
et al., 2008; Navarro et al., 2011). The main characteristic of these ecosystems is the
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trend to eutrophication with moments in which their high productivity makes them very
attractive for waterbirds feeding on aquatic invertebrates (Okafor, 2011; Anza et al.,
2014). One of the problems for the birds attracted to these places is the high prevalence
of pathogenic bacteria and the frequent occurrence of disease outbreaks (Vidal et al.,
2009, 2013). Besides pathogens, these ecosystems receive environmental pollutants
from treated sewage water coming from urban and industrial sources (Aguayo et al.,
2004; Martínez Bueno et al., 2012). Therefore, the role as ecological traps of these
wetlands can be also linked to both pathogenic bacteria as environmental pollutants.
So, birds attracted to these highly productive eutrophic wetlands that receive effluents
from WWTP may suffer negative impacts on their health due to the exposure to
pathogens and the accumulation of persistent pollutants.

2.4. The case of Tablas de Daimiel National Park (TDNP) and surrounding wetlands
The scenario 1 of this thesis is framed in the Tablas de Daimiel National Park (TDNP)
and Navaseca Pond, which is located in the vicinity of TDNP and it was a seasonal saline
lake in the past, but now it is permanently flooded and highly eutrophic because it
receives directly the effluents of the wastewater treatment plant of Daimiel town. TDNP
is one of the most important wetlands in Spain and Europe, one of the last
representative floodplains of the upper Guadiana basin and the Mediterranean region.
This floodplain was highly productive, from the ecological point of view, and it
maintained important waterfowl populations unique in semi-arid environments of
southern Europe (Fig. 3; Coronado Castillo et al., 1974; Álvarez-Cobelas and Cirujano,
1996; Sánchez-Carrillo et al., 2010). The overexploitation of groundwater bodies by
increasing the irrigable surface area has profoundly altered the functioning of the TDNP,
by eliminating the permanent supply of freshwater from the Guadiana River. This river
used to have the birth in an overflow of the aquifer, the Ojos del Guadiana, which
disappeared completely in the mid-1980s (Llamas, 1988; Carrasco, 2000; ÁlvarezCobelas et al., 2001; Bromley et al., 2001; Sánchez-Carrillo and Álvarez-Cobelas, 2010).
This scenario was worsened by the drainage of the wetland because of the dredging of
the river bed in the 1960s (Sánchez Soler and del Moral, 1991). In this way, a permanent
floodplain wetland with a continuous water input from the overflow of the aquifer
became a temporary wetland where water only flows in episodes of exceptional rainfall
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(Velasco, 2000; Martínez-Santos et al., 2008). This scarcity of water was in part
compensated by the construction of a dam downstream that permits to retain water
during several months or years in the lower parts of the Park. TDNP also suffers
important intra-annual fluctuations in water levels due to summer droughts and it is
only filled in the years with favourable rainfall, retaining water thanks to the deep peat
layer that fills the basin and reduces water filtration (Sánchez-Carrillo and ÁlvarezCobelas, 2010). In addition, the waters of the TDNP have tended in the last decades to
salinization because of the inflow of the saline water from Cigüela River and the lack of
freshwater from Guadiana River. Cigüela River has also been the entrance of untreated
wastewater that have caused episodes of serious organic contamination and
eutrophication (Cirujano et al., 1996; Berzas et al., 2000; Álvarez-Cobelas et al., 2007,
2010). Since 2010, TDNP has shown an important flooding status, but this has been
accompanied by the rise of invasive fish species, like common carp, that have destroyed
the prairies of submerged macrophytes (Laguna et al., 2016). On the other hand,
Navaseca Pond becomes a permanent wetland due to the input of treated wastewater,
and this implies changes in the physicochemical parameter in water and sediment (Anza
et al., 2014; Rivetti et al., 2017). Eutrophication due to the regular input of nutrients is
the main characteristic of this wetland. High turbidity, total and volatile solids, BOD5,
total carbon, and NH4+ and PO43- concentrations are changes that happened in this
ecosystem. Navaseca Pond also exhibit high levels of chlorophyll a,low water Eh, and
high NO3- concentration in interstitial water (Vidal et al., 2013; Anza et al., 2014). A
recent survey in this area confirmed the poor chemical water quality of Navaseca Pond.
Rivetti et al. (2017) analysed water from the pond and found low levels of oxygen and
greatest levels of triazoles, PAHs, flame retardants, alkylphenols, parabens and total
suspended particles. Moreover, severe estrogenic capacity measured with a
recombinant yeast test and toxic effects on Daphnia magna were found in this wetland.
Finally, botulism outbreaks have occurred regularly in TDNP and, especially, Navaseca
Pond during the last 20 years (Anza et al., 2014; 2016).
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Fig. 3. Panoramic picture of the Tablas de Daimiel National Park. (Author Jhon J. López-Perea).

Given the importance of TDNP for waterbird, annual census of wintering birds
have been conducted in January since 1968 and of breeding pairs since 1983. The
number of waterbird species breeding in 2007 was 17, compared to 25 detected in 1983
(Álvarez-Cobelas, 2010). Although the TNDP have suffered a long period of severe
drought until December 2009, the waterbird and wetland passerine community has
recovered dramatically since spring 2010, with the arrival of water in the National Park.
Of the 85 bird species included in the historical listing of nesting stock censuses, only
two species have not been located; and of the 70 species included in the historical listing
of wintering stock census, only one has not been detected. The reproduction of most of
the waterfowl species listed in the National Park's historical listings as confirmed
breeding has also been confirmed in at least one year since 2010. In addition, 12 species
have been detected that were not included in the park's listings, and that it is possible
or certain that they could be new citations for the TDNP (Feliu et al., 2011). The most
representative resident birds are: the grebes, including both little grebe (Tachybaptus
ruficollis) and great crested grebe (Podiceps cristatus); the herons, like common little
bittern (Ixobrychus minutus) and cattle egret (Bubulcus ibis); the ducks, as mallard duck
(Anas plathyrhynchos) and gadwall (Anas strepera); rallidae, like common coot (Fulica
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atra), western water rail (Rallus aquaticus) and common moorhens (Gallinula
chloropus); several passerines, including bearded reedling (Panurus biarmicus), reed
bunting (Emberiza schoeniclus), Cetti's warbler (Cettia cetti); and one birds of prey as
the western marsh harrier (Circus aeruginosus). Regarding to Navaseca pond, this
wetland has a great diversity of birds, being the most representatives the greater
flamingo (Phoenicopterus ruber), little grebe (Tachybaptus ruficollis), gadwall (Anas
strepera), mallard duck (Anas plathyrhynchos), Northern shoveler (Anas clypeata),
common pochard (Aythya ferina), white-headed duck (Oxyura leucocephala), common
coot (Fulica atra), common moorhens (Gallinula chloropus), Black-winged stilt
(Himantopus himantopus), Black-headed gull (Chroicocephalus ridibundus) (Anza et al.,
2016). This wetland is an area of great importance for the conservation of birds in
Castilla-La Mancha, and in particular for some endangered species like the white-headed
duck (Torres Esquivias, 2009; Salvador, 2017). The high productivity of this wetland has
made it very attractive for birds, to the point that Navaseca Pond shows higher densities
of birds compared with TDNP (Fig. 4).
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Fig. 4. Density of birds reported in Navaseca Pond and TDNP in 2012 (own unpublished data
from grant OAPN 755/2012).
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Waterbirds are extremely vulnerable to habitat loss. In the World, around 50%
of the natural wetland have disappeared because of human activities (OECD/IUCN,
1996). In Spain, 60% of wetland surface has been lost and this percentage is increased
up to 80% in the case of floodplains as TDNP (Casado et al., 1992). Water scarcity in the
semiarid environments like in many areas of Spain worsens a situation of water
overexploitation. Under this perspective, the maintenance of wetlands with treated
wastewater may help in the conservation of important populations of waterbirds
(Cooper and Pringle, 1977; Fuller and Glue, 1980, 1981; Maxson, 1981). In Spain, some
of these projects have transformed the water and trophic regime of natural wetlands to
create favourable conditions for the breeding, nesting, feeding or resting of as many
waterfowl as possible (Florín and Montes, 1999). In addition to this, the use of WWTP
effluents to maintain the habitat for waterbird populations is sometimes
counterproductive given the biotic and abiotic risks associated with these waters
(Okafor, 2011). With regard to biotic risks, it is necessary to highlight enteropathogens
of interest for both animal and public health, such as Salmonella, Clostridium
perfringens, and Escherichia coli, specifically certain strains known as avian pathogenic
E. coli (APEC) (Anza et al., 2014). These enterobacteria produce the mortality of a few
individuals, but this can serve as foci to initiate an outbreak of avian botulism that causes
much larger mortalities. For example, the last major outbreak in the TDNP in 1999 killed
about 10,000 birds. The most recent outbreaks, which have often originated in Navaseca
Pond, have resulted in mortalities of at least 300-500 birds and have affected up to 17%
of the white-headed ducks inhabiting that wetlands (Vidal et al., 2009, 2013; Anza et al.,
2014, 2016). Besides these pathogens, chemical contamination can produce harmful
effects on the animals, including oxidative stress, alterations of the immune response,
impairment the reproductive function, endocrine disruption and, in some cases,
mortalities that could also be the starting point for botulism outbreaks (Fig. 5).
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Fig. 5. Frame of the sanitary risk for the waterbirds in TDNP.

3. SCENARIO 2: RODENTICIDES AND PREDATOR IN URBAN AND AGRICULTURAL AREAS
3.1. Anticoagulant rodenticides
Anticoagulant rodenticides (ARs) are substances used as a pesticides and biocides
for the control of rodents (Murphy, 2002; Berny, 2007). There are two families of ARs in
relation to chemical structure: indandiones and hydroxycoumarins (Fig. 6).

Fig. 6. Chemical structure of the families of anticoagulant rodenticides.
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Moreover, hydroxycoumarins are divided in two groups: first generation ARs (FGARs)
and second generation ARs (SGARs). Because of the massive use of FGARs, rodents
acquired resistance to these compounds, so in response to this resistance SGARs were
developed in the 1970s (Watt et al., 2005; Valchev et al., 2008). SGARs are compounds
more toxic and more persistent, with high life-half in the tissues of exposed animals,
which makes them more dangerous for wildlife (Table 2).

Table 2. Classification and toxicological characteristic of anticoagulant rodenticides (ToxnetChemIDplus, 2018).

Indandione

SGARs

Hydroxycoumarin

FGARs

Group

*

Generic name

Chemical formula

Acute oral toxicity LD50 (mg/kg)
Rat

Liver half-life*

Chicken

Dog

(days)

Coumachlor

C19H15ClO4

187

Coumafuryl

C17H14O5

25

Coumatetralyl

C19H16O3

30

>3

35

15.8a-55 b

Warfarin

C19H16O4

1.6

942

3

66.8a

Brodifacoum

C31H23BrO3

0.16

4.5

0.25

80a-307.4b

Bromadiolone

C30H23BrO4

0.49

8.1

28.1a-170b

Difenacoum

C31H24O3

0.68

50

61.8a -120b

Difethialone

C31H23BrO2S

0.55

Flocoumafen

C33H25F3O4

0.25

100

Chlorofacinone

C23H15ClO3

2.1

100

Diphacinone

C23H16O3

1.5

3

>90b

Pindone

C14H14O3

280

75

8-16b

Valone

C14H14O3

100

50

28.8a -108b
0.075

93.8a -220b
35.4a

Half-life calculated for rodent liver, except diphacinone value corresponding to cow and

pindone to sheep. aEason et al., 2002; bVandenbroucke et al., 2008.

3.2. Mode of action
Anticoagulant rodenticides have an inhibitory action on the recycling of vitamin K,
which is necessary for the production and activation of clotting factors II, VII, IX and X
(Fig. 7). ARs suppress the activity of the enzyme vitamin K epoxide reductase,
responsible for recycling the vitamin K, resulting in a lack of active vitamin k, as a
consequence the clotting factor are not carboxylated and remain nonfunctional,
therefore their concentration in blood decreases about 12-24 hours of exposure,
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producing abnormal coagulation and causes fatal hemorrhage (Watt et al., 2005;
Ishizuka et al., 2008; Valchev et al., 2008).

Fig. 7. Mechanism of the toxic effect of anticoagulant rodenticides.

3.3. Wildlife exposure to ARs
A wide range of non-target species are exposed and may suffer poisoning by ARs,
according to the information collected by different laboratories and veterinary
toxicology services around the world (Guitart et al., 2010; Berny et al., 2010), so the
exposure of wildlife to ARS appear to be one of the main issues in research in the last
decades. More information about exposure and poisoning of wildlife by ARs is detailed
in a review that summarizes hundreds of cases of secondary exposure and poisoning of
predators and the factors than favour the risk of exposure (chapter 4 of the thesis). In
addition, chapter 5 and 6 show data about ARs monitoring in predators from several
regions of Spain.

3.4. Monitoring the effects of ARs in vertebrates: Biomarkers
Clinical sign of ARs exposure are non-specific and sometimes undetectable.
Somnolence, nausea, abdominal pain and lacking appetite are some of them. Signs of
coagulopathy usually appear after repeated low-dose exposures or single high-doses
(Murphy, 2012; Watt et al., 2005; Valchev et al., 2008). An early diagnosis of ARs
poisoning can be done with the analysis of some sensitive biochemical and functional
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indicators (Walker, 1995, 1998a, 1998b). Biomarkers for ARs exposure and poisoning
can be classified in two groups: (1) those based on the functional monitoring the clotting
capacity; and (2) those related with the biochemical determination of monitoring the
level and activity of vitamin k and the enzyme vitamin k epoxide reductase.

3.4.1. Blood clotting assays
Blood clotting time is the most studied effect in wildlife in relation to ARs exposure
and it is also the most common biomarker used. This test is carried through three simple
assays: (1) prothrombin time, which is a measure of the integrity of factors of the
extrinsic pathways of the pro-coagulant cascade, and also including the common factors
with the intrinsic pathways; (2) Russell’s viper venom time, which measures the
activation of factor X in the common pathway of the clotting cascade by Russell’s viper
venom; and (3) thrombin clotting time, which measures the time for the conversion of
fibrinogen to fibrin (Triplett, 2000). Rattner et al. (2010, 2011, 2012, 2014) in several
experiments have studied the effects of FGARs and SGARs on the clotting time of diurnal
and nocturnal bird of prey by primary and secondary exposure. In all cases, these
compounds prolonged the clotting time of the animals, and in some cases anaemia and
death was produced.

3.4.2. Levels and activity of vitamin k and enzyme vitamin k epoxide reductase
Above assays have resulted to be very usual for the diagnostic of ARs exposure,
however these parameters can be measured only in live animals. Therefore, they are
not useful for cases of poisoning where the animals are found dead (Sarabia et al., 2008).
Probably, as with other highly toxic pesticides, the use of biochemical biomarkers of
effects are necessary to support the results obtained by necropsy findings and chemical
analysis performed for the detection of the toxicant. The analysis in tissues of the
vitamin K in all forms, including the ratio between vitamin k and the epoxide, and the
determination of the activity of the enzyme vitamin K epoxide reductase in liver could
be some of the biomarker that could be useful for monitoring the effects of ARs in
wildlife (Cholerton and Park, 1986; Haroon et al., 1986; Hirauchi et al., 1988). Assays
performed with rodents and rabbit have confirmed the effect of ARs over the cycle of
vitamin K. Brodifacoum was increased the hepatic ratio of vitamin K1 epoxide: vitamin
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K1 in rat. Warfarin, acenocoumarol, brodifacoum and difenacoum increased the plasma
ratio of vitamin K epoxide: vitamin K in rabbit (Park et al., 1979; Leck and Park, 1981).
Fasco and Principe (1982) exposed Wistar rats to warfarin and found an irreversible
inhibition of the vitamin K 2,3-epoxide and vitamin K reductases.

3.5. How can ARs produce an ecological trap in predators?
Secondary poisoning is the main cause of mortality of predators associated to
ARs, which is produced when animals prey on poisoned prey (Eason et al., 1999, 2002).
The scenario of an ecological trap associated with ARs may occur in urban and farmland
areas, where the use of ARs for pest control and crop protection is constant (Dunlevy et
al., 2000; Giraudoux et al., 2006; Olea et al., 2009; Fig. 8). High density of rodents is
common in farmland and urban areas because they can easily find food and refuge in
these sites. Moreover, the demographic cycles of some species of rodents make them
very abundant during specific periods, which exacerbates the risk of transmission of
zoonoses and the damage to crops or other goods. Abundance of prey (small mammals
in this case) is a good cue for habitat selection used by several species of predators, but
most of these small mammals are also target species for ARs. Given that the death of
rodents is not immediate after AR ingestion and residues remain in rodent tissues after
death, predators feeding on them can become exposed to ARs. Moreover, these prey
can be easy to catch by predators because of the effects of the toxicant on the rodent.
So, predators that select a habitat with abundant rodents over another with a low
density of prey can be at higher risk of secondary poisoning by ARs and put at risk the
survival of the population.
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Fig. 8. Farmland area baited with ARs for protection against common vole outbreaks in Castilla
y Leon (Central Spain, Photo by Carlos Cuéllar, Ana Santamaria and GREFA).

3.6. Possible evidences of ecological trap driven by ARs
ARs have been confirmed to cause adverse effects on body condition and health
status or health status of the exposed predators and these impairments can have
consequences on survival and population dynamics. On the other hand, several studies
have found high prevalence of exposure, negative effects and even poisoning by ARs in
predators from areas with high densities of rodents and large-scale treatments against
them. In Scotland, 70% of red Kites (Milvus milvus) were exposed to ARs and 10% died
as a result that exposure. The widespread exposure to ARs of the raptor species tested
and the residues encountered generally reflected agricultural use patterns (Hughes et
al., 2013), but also livestock density and the urban areas were found to be good
predictors of ARs exposure for red fox in Germany (Geduhn et al., 2015). Nogeire et al.
(2015) identified low-density development areas as the largest source of exposures of
kit foxes to SGARs in USA, through a spatially explicit, individual-based population
model, which included life history traits and kit fox ecology. Recently, Martínez-Padilla
et al. (2017) detected bromadiolone in blood of fledglings of common kestrels living in
areas with abundance of common voles and an intensive use of bromadiolone for crop
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protection. Bromadiolone levels found in the nestlings was associated with a reduced
body condition, potentially reducing their fitness.
Based on the information presented above, it is evident that the effects of ARs
on the fitness of the individuals and therefore on their survival and population dynamics
may occur in habitats positively selected by predators, thus an ecological trap may be
happening in the field. In chapter 5 and chapter 6 of this thesis, we describe two cases
in which some of the conditions for the presence of an ecological trap driven by ARs
occur in urban and farmland areas of Spain.
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This work was carried out under the hypothesis that animals can fall into an ecological
trap mediated by environmental pollutants when the source of the contamination is
associated with positive cues used by animals for habitat selection.
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GENERAL
The main objective of this thesis is to find identify scenarios of ecological traps
associated to environmental pollutants, through the determination of the load of
pollutants and novel biomarkers useful to know the health status of animals living in
polluted environments positively selected by them.

In more specifics terms, we want...


To determinate the load of environmental pollutants in blood, feathers and
preen oil secretion of live captured common moorhens (Gallinula chloropus) in
the Tablas de Daimiel National Park and surrounding wetlands that receive
directly effluents from a wastewater treatment plant.



To develop an analytical method that allows us to use the wax and fatty acid
composition of the preen gland secretion of common moorhens as biomarkers
of endocrine disruption.



To determine the relationship between environmental pollutants and
carotenoid-based facial ornaments, antioxidant mechanisms, sex hormones and
the immune function of the common moorhens.



To assess the mechanisms by which environmental pollutants in wastewater can
lead to an ecological trap in birds living in wetland affected by this type of
pollution.



To detect the presence and concentration of anticoagulant rodenticides in
tissues of predatory species.



To study the determinants related to land use that define the risk of exposure to
anticoagulant rodenticides in predatory species and may contribute to trigger an
ecological trap.
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Wetlands receiving effluents of waste-water
treatment plants (WWTP), which are highly
productive habitats for many bird species
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Metals and metalloids in blood and feathers of
birds from natural wetlands receiving treated
wastewater

Jhon J. López-Perea, Celia Laguna, María Jiménez-Moreno, Rosa C. Rodríguez MartínDoimeadios, Jordi Feliu and Rafael Mateo. Science of the total environment. Under
review

PhD Thesis – Jhon J. López-Perea
Abstract
We evaluated the hypothesis that birds in eutrophic wetlands affected by the input of
wastewater treatment plant (WWTP) effluents can be exposed to high levels of heavy
metals and metalloids and this may drive an ecological trap in some species attracted to
these highly productive ecosystems. Levels of heavy metals and metalloids were
determined in sediment and in blood and feathers of common moorhens (Gallinula
chloropus) from two wetlands in Central Spain: Navaseca Pond, which receives directly
the effluent of a WWTP; and Tablas de Daimiel National Park (TDNP), which is a
floodplain less affected by urban discharges. Sediment concentrations of Cr, Mn, Fe, Co,
Ni, Cu, Zn, Cd and Pb were higher in Navaseca Pond than in TDNP; only Se was higher in
TDNP than in Navaseca Pond. Blood levels of Hg and Se were higher in moorhens from
TDNP than those from Navaseca Pond. In the case of Hg these levels were below the
threshold of adverse effect, but Se levels in 24.4% of moorhens from TDNP were above
the threshold value associated with Se toxicity in birds (1,000 ng/ml). In feathers, Hg, Se,
Mn, Cu and As levels were higher in TDNP than in Navaseca Pond. Body condition of
moorhens was significantly higher in TDNP than in Navaseca Pond, but this was not
associated with the concentrations of any of the elements in blood or feathers. We can
reject the hypothesis of a higher exposure to metals and metalloids in birds associated
to the WWTP effluent, but Se levels may need further research considering the nature
of the floodplain of TDNP.

Key words: waterbirds, WWTP, metals, ecological trap, body condition.
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1. INTRODUCTION
Wetlands are ecosystems with an important ecological value because they provide
benefits and services for the maintenance and conservation of the biodiversity and with
an important role as carbon traps (Turner et al., 2000). Natural wetlands occupy
between 700 and 1,024 million hectares worldwide (Mitsch and Gosselink, 2000), which
represents only 4.6 % of the global land mass (Jimenez-Ballesta et al., 2016). Several
human actions like the increased demand of land and water for agriculture or livestock
production and the creation of infrastructures are threatening the conservation of
wetlands worldwide (Cazcarro et al., 2016). The conservation of wetlands in Spain is
particularly difficult in arid and semi-arid zones of the Center and South of the country
because of conflicts for water resources demanded for crop production (Casado et al.,
1992). Examples of this conflict can be found in Spain in Doñana National Park and Tablas
de Daimiel National Park (TDNP), where groundwater use for agriculture and pollution
caused by sewage water and run-off of fertilizers seriously threaten these emblematic
wetlands (Green et al., 2017).
An important source of contamination in wetlands is the inflow of poorly treated
sewage water of urban and industrial origin. This is especially relevant in water systems
with reduced capacity to dilute pollution, such as the case of many Mediterranean
rivers. Moreover, the use of WWTP effluents for the maintenance of wetlands is a
common practice in flat semiarid regions in Spain (Navarro et al., 2011). In fact, these
natural wetlands are used as a tertiary treatment and become the final receiver of the
treated water in semiarid flat areas with no rivers around. The wetlands that receive the
effluents of WWTP normally tend to eutrophication and, at some stages, to a high
productivity that makes these sites very attractive for waterbirds that feed on aquatic
invertebrates (Okafor, 2011). This is the case of Navaseca Pond, a seminatural wetland
located close to TDNP that is permanently flooded with the WWTP effluent of the town
of Daimiel (Anza et al., 2014). However, these wetlands also tend to concentrate a wide
range of urban and industrial pollutants (Martínez Bueno et al., 2012; Rivetti et al.,
2017), so birds attracted to these wetlands could fall into an ecological trap driven by
pollutants, a concept barely explored yet in the field of wildlife toxicology (Huang et al.,
2018).
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Among the chemical pollutants entering wetlands, heavy metals and metalloids are
especially relevant because of their persistence and capacity to enter in the food chain
by diverse routes. Anthropogenic sources of pollution can increase the natural
concentrations of metals and metalloids present in the sediment of wetlands originated
from the geologic sources located within the same hydrological basin (Casas et al.,
2003). Jiménez-Ballesta et al. (2016) found elevated concentrations of Cu, Se, Sn, Sb, Pb
in TDNP soils compared with background levels of the region of Castilla-La Mancha
(Jiménez-Ballesta et al., 2010). Jiménez-Ballesta et al. (2016) attributed the high
contents of some of these elements to the traditional soil fertilization, the municipal
waste disposal and urban WWTP effluent discharged into TDNP. Sewage discharges into
the Azuer, Cigüela and Guadiana rivers from villages located upstream TDNP have had
historically consequences in the quality of the water of this floodplain (Cirujano et al.,
1996; Berzas et al., 2000; Sanchez-Ramos et al., 2016), and we may expect a larger
impact of wetlands flooded with WWTP effluents. In fact, Rivetti et al. (2017) detected
much higher levels of micropollutants (triazoles, polycyclic aromatic hydrocarbons,
organophosphorus flame retardants, alkylphenols and parabens) in water of Navaseca
Pond than in TDNP.
However, there is not yet an ecotoxicological assessment of the effects on birds of
the pollutants accumulated in semiarid wetlands that are permanently supplied with
WWTP effluents like Navaseca Pond. In this study, we determined the levels of heavy
metals and metalloids in sediments and in blood and feather samples of common
moorhens (Gallinula chloropus) from two wetlands that receive the effluents from
WWTP at different intensities. Our hypothesis is that birds from a wetland receiving
directly the WWTP effluent accumulate higher concentrations of heavy metals and
metalloids than those from TDNP and this could drive a mechanism of an ecological trap
for some species because of their attraction to eutrophic wetlands.

2. MATERIALS AND METHODS

2.1. Study area
Samples were taken in two wetlands in Castilla-La Mancha (C Spain; Fig. 1). One
of these sites is the floodplain of TDNP, located at the junction of Cigüela and Guadiana
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rivers, with a maximum flooded surface of 2,000 ha. TDNP is declared a Biosphere
Reserve (MAB Programme, UNESCO), it is listed as a Wetland of International
Importance by the Ramsar Convention and it was recognised as a Special Protection
Area for Birds in 1988 (Directive 79/409/CEE). TDNP occasionally receives the input of
poorly treated wastewater from towns located upstream, but the levels of organic
pollutants in water are low (Rivetti et al., 2017). The other study site is Navaseca Pond
(24.3 ha), which is located at 6.5 km from TDNP and only overflows into Guadiana river
during exceptional heavy rains. This wetland was a seasonal pond in the past, but now
it is permanently flooded and highly eutrophic because it receives the effluents of the
WWTP of Daimiel town (Anza et al., 2014).

Fig. 1. Study area in Tablas de Daimiel National Park and Navaseca Pond (Ciudad Real province,
Spain).

2.2. Sediment sampling
Sediments from TDNP and Navaseca Pond were collected in flooded areas 1 m
from the shoreline. Sediment samples were collected with a core sampler (= 33.5 mm)
and the upper 5 cm were stored in polypropylene flasks at -4 ºC before treatment.
Sediment samples were air-dried at ambient temperature, sieved to remove stones and
plant debris, and mixed thoroughly to obtain a representative sample. Samples were
55

PhD Thesis – Jhon J. López-Perea
manually grinded with a Teflon hammer in a mortar and then sieved through a 2 mm
stainless steel mesh.

2.3. Bird sampling
The studied species was the common moorhen, which is a medium-sized
member of the family Rallidae with worldwide distribution in aquatic environments with
its relative and conspecific until recently G. galeata (i.e. North and South America, Africa,
Europe and Asia). It is 200-500 g of body weight, 30-38 cm of length and 50-55 cm of
wingspan. Moorhens are omnivorous; feed on different parts of sedges, reeds, cattails,
submerged plants, various sprouts, fruit and cereals. Food of animal origin come
predominantly from aquatic invertebrates, although it also feeds on small vertebrates,
garbage and even carrion (Taylor et al., 2018). The widespread distribution of common
moorhens, its sedentary habits and its omnivorous diet make this species appropriate
as bioindicator of pollution in wetlands. Bird trapping was done between October 2013
and March 2015 by using funnel traps on the shore of the lake where groups of
moorhens usually feed. In total, 137 moorhens were captured and marked with a metal
ring, weighed, and their tarsus and wing length measured. Age (juvenile or adult) was
determined using plumage criteria (Baker, 1993) and the sex was determined in whole
blood with a conventional PCR (Phusion Blood Direct PCR Kit from Thermo Scientific, see
details in supplementary material). Blood from jugular vein (1 ml in heparin) and
secondary wing feathers were taken for the analysis of pollutants. Blood was stored at 80 ºC and feathers were stored in plastic bags at -20 ºC. The body condition of moorhens
was calculated according to the Scaled Mass Index (SMI) proposed by Peig and Green
(2009) with wing length as a measure of body size. Capture and sample collection of wild
birds were authorized by the Regional Government of Castilla-La Mancha (Ref JCCM
49/13 and 46/14).

2.4. Analysis of heavy metals and metalloids
Sediment samples were subjected to acid digestion using the methodology
described in Rodríguez-Estival et al. (2012). Each sediment sample (0.2 g) was digested
with 2 ml of nitric acid (68% Normapur, Panreac) in a glass tube (Pyrex) heated in a
thermoblock (Micro, Selecta) with an electronic temperature controller (RAT-s, Selecta).
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The tubes were heated at 70 °C for 5 h, then 105 °C for an additional 4 h. After this first
phase of digestion, 2 ml of hydrogen peroxide (30% Suprapur, Merck) were added to
each tube and heated at 70 °C for 1 h, then the temperature was increased at 105 °C for
2 h. Finally, the digested samples were diluted with deionized (Milli-Q) to a final volume
of 50 ml.
A volume of 200 µl of whole blood was placed in a quartz digestion tube and 1.5
ml of nitric acid were added. The samples were subjected to a progressive thermal
treatment beginning with five hours at 70 ºC and five hours at 105 ºC, and then left to
cool. Hydrogen peroxide (1 ml) was added and a new thermal treatment applied
consisting on two hours at 70 ºC and then three hours at 105 ºC. Total content was
transferred to a graduated falcon tube, adjusting the final volume to 5 ml with deionized
water.
The cleaning of the feathers to remove the external contamination was done
following the method described by Cardiel et al. (2011), with some modifications. All the
feathers were weighted and washed first with acetone, then with 2% nitric acid and
finally rinsed with deionized water twice. Whilst in each solution, sonication was used
for five minutes. The feathers were dried in an oven at 60 °C for 24 hours and then
weighted again. Whole feathers (mean±SD: 0.093±0.015 g) were digested with 1.5 ml of
nitric acid in quartz digestion tubes for 12 hours at room temperature. Then, 1.5 ml of
hydrogen peroxide were added, the temperature was increased up to 160 °C and held
for four hours in a block digester. Total content was transferred to a graduated falcon
tube, adjusting the final volume to 5 ml with deionized water.
Heavy metals and metalloids analyses were carried out with an inductively
coupled plasma mass spectrometer (ICP-MS) equipped with a collision cell (CCT; Thermo
Electron Model XSeries II). Each sample was analysed by triplicate and memory effect
between samples was avoided using nitric acid (2%) as a cleansing agent. Calibration
standards and blanks were analysed for each batch of extraction samples as a quality
control check. Solutions used for calibration were prepared from commercial certified
stock standards with 1 g/L of each element. Procedural blanks were prepared along with
the samples in each extraction. Blanks were also used for the correction of the signals in
the calculation of the total metal and metalloid concentrations. The limits of detection
(LOD) and quantification (LOQ) were calculated for all elements analysed (Table S1). The
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quality of the ICP-MS analysis was ensured by analysing certified reference materials in
each batch of samples. The biological material TORT-2 (lobster hepatopancreas) were
used as reference material in the analysis of both blood and feather samples, whereas
the reference soil CRM025-050 was used for sediment samples. Quantitative recoveries
with respect to the certified concentrations were found in all cases (Table S2).
Concentrations of elements in blood were expressed in w/v (ng/ml) and in soil and
feathers were expressed in w/w of dry weight of sample (µg/g d.w.).

2.5. Data analysis
Non-detected values were set to half of the LOD and data were normalized prior
to analysis by log-transformation. Comparison in sediment element concentrations
between studied areas were performed with Student’s t-tests. In bird samples, we
tested whether element concentrations differed among study areas and between sexes,
age and season of sampling in each tissue: blood and feathers. Analyses involved
generalized linear models (GLM) using the levels of each element as a response variable
and the other variables listed above as predictors. Separate tests were performed for
each element. Correlations between elements in each type of sample (sediment, blood
and feather) were performed using the Pearson’s correlation. Two Principal Component
Analysis (PCA) with the concentrations of elements in blood (12 elements) and feathers
(14 elements) were used to explore variability patterns and co-correlations between
elements among study areas. PC values were tested as dependent variables in GLMs
with study area, sex and age as factors. Body condition (measured as SMI) was compared
between study areas including also sex and age as factors with a GLM. The effects of
metals and metalloids on SMI were tested including PC values as a covariate in GLMs
and correlations between SMI and individual elements were also explored. Statistical
analyses were performed with IBM SPSS Statistics v. 22. Significance of all tests was
established at p<0.05.
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3. RESULTS

3.1. Sediments
Concentrations of Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd and Pb were higher in Navaseca
Pond than in TDNP (all with p<0.05; Table 1). Only Se concentrations were higher in
TDNP than in Navaseca Pond (t34=3.905, p<0.001; Table 1).

Table 1. Concentrations (µg/g dry weight) of elements in the upper 5 cm of sediment from
Navaseca Pond and Tablas de Daimiel National Park.

Element

*
†

Navaseca Pond (n=6)

Tablas de Daimiel NP (n=30)

Mean

SE

Min.

Max.

Mean

SE

Min.

Max.

Al

31125

5312

15370

47278

21138

4300

833

77111

As

3.38

0.36

2.30

4.60

3.86

0.67

0.60

16.70

Cd

0.239*

0.067

0.070

0.51

0.056

0.006

<LOD

0.130

Co

6.44*

0.91

4.10

10.00

4.49

0.73

0.90

13.10

Cr

63*

24

19

181

27.7

6.0

1.4

103.9

Cu

52*

13

18

99

9.1

1.4

1.5

25.0

Fe

22904*

3774

11239

36227

11566

2311

416

40521

Hg

0.216

0.082

0.050

0.510

0.203

0.052

<LOD

0.810

Mn

252*

35

147

386

156

13

45

361

Mo

0.406

0.131

0.100

1.000

0.387

0.037

0.100

0.700

Ni

20.4*

2.6

12.4

28.7

13.2

2.3

2.3

40.4

Pb

41*

10

18

88

7.7

1.1

2.8

25.5

Se

0.57

0.18

<LOD

1.40

2.66†

0.50

0.50

11.40

Zn

324*

134

48

885

22.9

3.7

3.2

68.7

Significantly higher in Navaseca Pond than in Tablas de Daimiel National Park.
Significantly higher in Tablas de Daimiel National Park than in Navaseca Pond.

The highest level of Hg in TDNP (0.81 µg/g) was found in El Tablazo, which is the
core area of TDNP influenced mostly by Cigüela River inputs. However, sediment
samples from both rivers showed much lower levels of Hg (Cigüela: 0.007-0.048 µg/g;
Guadiana: 0.007-0.057 µg/g). The concentrations of most of the elements analysed were
positively correlated among them, with the exception of Mo, Hg and Se, which were
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correlated with fewer elements (Table S3). Hg and Se were not significantly correlated
among them in sediment samples.

3.2. Blood
Moorhens from TDNP showed higher blood concentrations of Hg (Wald’s
χ2=11.6, p=0.001) and Se (Wald’s χ2=38.3, p<0.001) than those from Navaseca Pond
(Table 2). The levels of the rest of the elements did not differ between areas (Table 2).
In relation to the age of birds, the adults had higher Se levels than juveniles (Wald’s
χ2=9.7, p=0.002; Fig. 2). Adults also had marginally higher Hg levels than juveniles
(Wald’s χ2=3.3, p=0.068; Fig. 2). Females (F) had higher Pb levels than males (M) (Wald’s
χ2=6.1, p=0.014; mean±SD; F=9.3±17.8 and M=5.1±3.8 ng/ml) and the same trend was
found for Mn (Wald’s χ2=7.0, p=0.008; F=55.4±71.7 and M= 37.7±14.2 ng/ml).

Table 2. Concentrations (ng/ml) of elements in blood of common moorhens from Navaseca
Pond and Tablas de Daimiel National Park.

Element

Navaseca Pond (n=81)
Mean

SE

Al

Min

Tablas de Daimiel NP (n=33)
Max

Mean

SE

<LOD

Min

Max

<LOD

As

3.4

1.0

0.01

83.9*

4.5

1.1

<LOD

28.2

Cd

<LOD

0.000

<LOD

0.004

0.28

0.28

<LOD

9.16

Co

7.9

1.6

2.3

114.7*

4.87

0.89

1.99

31.97

Cr

214

71

<LOD

2997

72

59

<LOD

1971

Cu

455

48

236

4186*

418

14

269

616

Hg

1.44

0.27

0.01

8.34

3.27†

0.74

<LOD

17.99

Mn

43.9

5.8

20.5

491.8*

45.1

2.7

22.0

79.6

Mo

43

15

<LOD

1238*

23.4

3.6

<LOD

80.1

Ni

42.1

9.7

0.3

349.5

17.1

8.0

0.3

263.1

Pb

6.7

1.4

0.01

112.2

6.26

0.85

<LOD

24.43

Se

425

44

127

3306*

884†

108

249

2994

Zn

6136

844

3725

73295*

5271

134

3694

7666

†

Significantly higher in Tablas de Daimiel National Park than in Navaseca Pond.
*Maximum levels for these elements were found in the same animal.
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Regarding the season of sampling, Mn level was significantly higher in autumn
than in winter and spring (Wald’s χ2=7.3, p=0.025), while Ni was higher in autumn and
winter than in spring (Wald’s χ2=9.1, p=0.011). The highest levels of several elements
(As, Co, Cu, Mn, Mo, Se) were found in one animal from Navaseca Pond (Table 2).
Significant correlations were found between several metals (Table S4, Fig. S1). The most
relevant were found between Zn and Mn (r=0.648, p<0.001), Zn and Cu (r=0.765,
p<0.001), and Cu and Mn (r=0.649, p<0.001).

Fig. 2. Significant differences of blood levels of Hg (a) and Se (b) between juvenile and adults of
common moorhens from Navaseca Pond and Tablas de Daimiel National Park. *Significant
differences between age classes (2b, p=0.002); + Significant differences between studies areas
(Hg, p=0.001 and Se, p<0.001).

3.3. Feathers
The levels of Mn, Cu, As, Se and Hg were higher in feathers of moorhens from
TDNP than in Navaseca (Wald’s χ2, all p<0.05; Table 3). On the other hand, Mo was higher
in Navaseca Pond than in TDNP (Wald’s χ2=4.8, p=0.029; Table 3). Regarding to age,
adults had higher levels of Ni and Se than juveniles (Wald’s χ2=4.6, p=0.031; Wald’s
χ2=5.1, p=0.024, respectively), and juveniles had higher levels of Cu (Wald’s χ2=6.7,
p=0.010) and As (Wald’s χ2=5.3, p=0.02) than adults. In relation to sex, females had
higher levels of Al and Mn than males (Wald’s χ2=7.7, p=0.005; Wald’s χ2=4.1, p=0.042,
respectively). Regarding the correlations between elements, the most relevant were
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found between Zn and Fe (r=0.805, p<0.001), Fe and Al (r=0.595, p<0.001) and As and
Se (r=0.593, p<0.001; Table S4, Fig. S1).

Table 3. Concentrations (g/g dry weight) of elements in feathers of common moorhens from
Navaseca Pond and Tablas de Daimiel National Park.

Element

Navaseca Pond (n=76)

Tablas de Daimiel NP (n=29)

Mean

SE

Min

Max

Mean

SE

Min

Max

Al

32

22

1.0

1668

7.5

1.6

2.0

45.7

As

0.156

0.055

0.012

3.690

0.378†

0.049

0.077

1.233

Cd

<LOD

<LOD

0.002

<LOD

<LOD

0.002

Co

0.027

0.003

0.005

0.101

0.034

0.010

0.005

0.280

Cr

0.185

0.021

0.010

0.959

0.226

0.072

0.010

1.597

Cu

6.52

0.32

1.57

13.97

9.02†

0.52

5.04

17.04

Fe

48.9

5.8

14.4

419.7

42.8

4.5

21.6

115.3

Hg

0.434

0.066

<LOD

2.711

1.44†

0.24

<LOD

6.20

Mn

1.81

0.12

0.47

6.16

2.40†

0.20

0.88

5.87

Mo

0.388*

0.039

0.004

1.858

0.245

0.039

0.004

0.852

Ni

0.30

0.21

0.014

16.28

0.087

0.014

0.014

0.232

Pb

0.036

0.004

<LOD

0.209

0.046

0.009

<LOD

0.226

Se

1.18

0.11

0.41

6.08

3.01†

0.22

0.87

6.02

Zn

71.1

2.3

41.5

114.3

70.8

3.6

46.0

109.5

*

Significantly higher in Navaseca Pond than in Tablas de Daimiel National Park.

†

Significantly higher in Tablas de Daimiel National Park than in Navaseca Pond.

3.4. Principal Component Analysis of blood and feathers
PCA performed on heavy metals and metalloids defined three interpretable
components that explained the 54.2% of data variance for blood and 58% for feathers.
The PCA showed a clear differentiation of the elements by study area (Fig. 3). Regarding
to blood, PC1 (23.6%) was determined by loadings of almost all elements, and having
Zn, Cu, Mn, Co and Se the greatest scores (Fig. 3a). PC2 (16.6%) was defined mainly by
positive loading of Mo and Cr and negative of Hg and Se. PC3 (13.9%) was determined
by positive loadings of Ni, As and Co and negative of Cd. On the other hand, in feather
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the PC1 (23.2%) was characterized by high levels of Fe, Zn, Al and Mo, PC2 (18.1%) by
Se, As, Cu and Hg and PC3 (16.8%) by Ni, Cr and Pb (Fig. 3b).

Fig. 3. Principal Component Analysis of heavy metals and metalloids concentrations in blood
and feathers of common moorhens.

The factors defined by PCA in blood and feathers were evaluated in relation to
the zone, age, sex and season and some significant differences were found. PC1 from
blood, which was defined by essential elements (Zn, Cu, Mn, Co), was higher in TDNP
than in Navaseca Pond (Wald’s χ2=14.4, p<0.001) and higher in females than in males
(Wald’s χ2=4.5, p=0.03; Fig. 4a). Navaseca Pond and juvenile moorhens had higher
values of PC2 from blood (defined by negative loading of Hg and Se) than TDNP and
adults moorhens (Wald’s χ2=9.41, p=0.002; Wald’s χ2=6.14, p=0.013; Fig. 4b). Regarding
to the feathers, PC2 defined by a mixture of toxic and essential element (Hg, Se, As) was
higher in TDNP than in Navaseca moorhens (Wald’s χ2=116.1, p<0.001) and higher in
juveniles than in adults (Wald’s χ2=7.45, p=0.006; Fig. 4c).
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Fig. 4. Differences of the principal component 1 for blood between sex (4a), principal component
2 for blood and principal component 2 for feather between age (4b and 4c) of common
moorhens from Tablas de Daimiel National Park and Navaseca Pond. *Significant differences by
sex (4a, p=0.03) or age classes (4b, p=0.013 and 4c, p=0.006). +Significant differences between
studies areas (4a, p<0.001; 4b, p=0.002 and 4c, p<0.001).

3.5. Relationship between elements and body condition of birds
Body condition (SMI) of moorhens was not significantly associated with the
concentrations of any of the elements in blood or feathers nor with the PCs obtained for
both samples. SMI was significantly higher in TDNP than in Navaseca Pond, but only
when metal-PCs were included in the model (Wald’s χ2=6.71, p=0.010; Table 4). SMI was
also higher in juveniles than in adults (Wald’s χ2=7.86, P=0.005); and there was a
significant interaction between zone and age (Wald’s χ2=4.17, P=0.041).

Table 4. Scaled mass index of common moorhens (adult and juvenile) from two wetlands in
Spain.

Zone

Navaseca Pond

TDNP

Age

Scaled Mass Index
N

Mean

SE

Min

Max

Adult

78

299.6

3.6

218.2

382.8

Juvenile

16

315

10

262

429

Adult

31

304.3

5.6

244.5

361.6

Juvenile

7

334

14

292

401
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4. DISCUSSION
Wetlands receiving directly the effluent of WWTPs can accumulate pollutants
such as heavy metals as we have found in the sediments of Navaseca Pond. However,
this contamination was not reflected in the moorhen inhabiting that wetland. On the
contrary, moorhens from the more pristine TDNP showed higher levels in blood and
feathers of Hg and Se, which indicates that this floodplain wetland have accumulated
these elements from natural or anthropogenic sources of the upper Guadiana river
basin.

4.1. Sediments
Navaseca Pond sediment showed higher concentrations than TDNP for Zn
(×14.1), Cu (×5.7), Pb (×5.3), Cd (×4.3), Cr (×2.3), Fe (×1.9), Mn (×1.6), Ni (×1.5), Co (×1.4).
On the contrary, TDNP showed higher levels of Se (×2.7) than Navaseca Pond. Mean
concentrations in Navaseca of Cu (51.8 µg/g) and Zn (324 µg/g) exceed the reference
values of these trace elements (Cu: 27 µg/g; Zn: 86.5 µg/g) in soils of Castilla-La Mancha
(Jiménez-Ballesta et al., 2010). Lead concentration in Navaseca (40.6 µg/g) was also
higher than the average level of soils in Castilla-La Mancha (19.3 µg/g), but below the
established reference values (44.2 µg/g). On the other hand, Se levels in sediment of
TDNP (2.7 mg/kg) were above the reference values in Castilla-La Mancha (1.4 mg/kg)
(Jiménez-Ballesta et al., 2010). Trace element concentrations measured in the sediment
of Navaseca Pond (which receives permanently the effluent of a WWTP) are comparable
to the levels measured in the sludge of other WWTP in Spain and other countries (PérezCid et al., 2001; Alonso et al., 2002), and below the maximum permissible concentrations
in sewage sludge for agricultural use in Europe (Council Directive EEC, 1986).
All the concentrations of elements measured in TDNP were within the range of
values obtained by Jiménez-Ballesta et al. (2016) in the same wetland. These authors
found elevated concentrations of Cu (concentration factor: ×1.6), Se (×3.7), Sn (×15.3),
Sb (×4.5) and Pb (×1.6) in TDNP compared with background levels of the region of
Castilla-La Mancha (Jiménez-Ballesta et al., 2010). In some of the samples the
concentration factor for Se and Pb were above ×10 and ×15, respectively. JiménezBallesta et al. (2016) observed selenium levels in sediments of TDNP at a range of 1.0 to
9.8 µg/g (average: 3.1 µg/g), which can be considered as indicative of seleniferous soils.
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Here we have observed comparable values (average: 2.66 µg/g, range: 0.50-11.40 µg/g).
The hydrogeological characteristic of the soils in TDNP of lacustrine carbonates and peat
(Jiménez-Ballesta et al., 2016) can favour Se mobilization because of its high pH, Eh and
content of decayed organic matter (Kabata-Pendias and Pendias, 2001). Nevertheless,
this range of concentrations in sediment were lower than levels found in irrigation ponds
in California (3-210 µg/g), where signs of toxicity have been found in waterbirds (Saiki
and Lowe, 1987; Fan et al., 1988).
In the case of Pb, we must consider that TDNP was intensively hunted until 1965
and this led to the accumulation of 99.4 Pb shot pellets/m2 in the upper 20 cm of the
sediment at specific points (i.e. hunting blinds used in the past by Spanish kings; Mateo
et al., 1998). Lead shot pellets contribute in the contamination of sediments when it
oxidizes and disaggregates over time (Scheuhammer and Norris, 1996). One #6 pellet,
the most commonly used for duck hunting contains 109 mg of Pb, so the input of the
accumulated Pb shot in TDNP would represent more than 100 kg/ha of lead in the upper
20 cm of sediment. This Pb could be added to the background level presents in sediment
of this National Park, which was determined to be in the range of 5.5-22.2 µg/g by Berzas
Nevado et al. (1999) and 2.8-25.5 µg/g in the present study. More recently, JimenezBallesta et al. (2016) found up to 247.5 µg/g of Pb in soil from TDNP, which could pose
a threat to this ecosystem.

4.2. Blood
Despite of the higher levels of several trace elements in the sediments of
Navaseca Pond, blood levels in moorhens did not show this difference. On the contrary,
birds from TDNP showed higher blood levels of Se (×2.1) and Hg (×2.3) than birds from
Navaseca Pond. Difference found in Hg levels between study areas was in part an
unexpected result, because the input of the effluent of the WWTP of Daimiel town could
have been a significant source of Hg in Navaseca Pond, but also because the
eutrophication and the anoxic conditions of that pond (Anza et al., 2014) may favour the
methylation of Hg by sulfate-reducing bacteria (Compeau and Bartha, 1985; Kerry et al.,
1991). The recent flooding of TDNP after an extended drought period may have also
favoured Hg methylation as observed in other types of dams and reservoirs during the
first years after flooding (Silverthorn et al. 2018). In any case, mean blood Hg levels in
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moorhens from TDNP (3.27 ng/ml) were well below the threshold levels of Hg associated
with adverse effects in birds of 1-3 µg/g (equivalent to 1,020-3,090 ng/ml if blood
density in birds is 1.02-1.03 g/ml; Evers et al., 2008).
Blood Se levels in moorhens from TDNP (249-2,994 ng/ml) were within the range
of levels detected in several species of birds from areas affected by Se pollution (3702,500 ng/ml; Santolo and Yamamoto, 1999). The adverse effect of Se on reproduction is
well known in waterbirds living on irrigation drainwater ponds in the San Joaquin Valley
of California (Ohlendorf and Heinz, 2011). Embryo mortality (17-60%) and
malformations (19.6-65%) were frequently observed in waterbirds from these Se
contaminated sites (Ohlendorf et al., 1986; Hoffman et al., 1988). Background level of
Se in blood of birds have been established in 400 ng/ml; and a provisional threshold to
produce adverse effects on reproduction and survival was set in 1,000 ng/ml (Ohlendorf
and Heinz, 2011). One-half of moorhens analysed here exceeded the background level
and 10.5% exceeded the adverse effect threshold (24.4% in TDNP and 2.1% in Navaseca
Pond). Most of these birds with elevated Se levels were from TDNP, where the presence
of elevated selenium levels in soil had been observed before (Jiménez-Ballesta et al.,
2016).
Lead is another metal of concern in waterbirds because they frequently ingest
spent Pb shot pellets present in sediment by confusion with grit or seeds (Figuerola et
al., 2005). In 1993, 10% of mallard (Anas platyrhynchos) in TDNP were found to had
ingested Pb shot in their gizzard or showed >5 µg/g d.w. in their liver (Mateo et al.,
1998). However, common moorhen from both study areas had blood Pb levels <200
ng/ml, which is a background threshold for many bird species (Franson and Pain, 2011).
Regarding other elements, Cd levels were in most of the samples below the limit
of detection, but one sample from TDNP had the highest concentration of 9.16 ng/ml.
Such level is still below the Cd concentration detected in other bird species from
wetlands elsewhere (Burger and Gochfeld, 1997; Tsipoura et al., 2008). In the case of
As, several studies have reported levels from 0.61 to 383 ng/ml in blood of wild birds
(Burger and Gochfeld, 1997; Baos et al., 2006; Kim et al., 2013); moorhens from TDNP
(4.46 ng/ml) and Navaseca Pond (3.41 ng/ml) were within the lower part of this range.
A reference value for birds living in uncontaminated areas have been established at 20
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ng/ml of As in blood (Burger and Gochfeld, 1997), which is almost six times greater than
the mean level detected in the present study.
The levels of essential elements in moorhens were in most of the cases within
the range of normal values in birds (Maia et al., 2017), but mean Zn levels in Navaseca
Pond (6,137.7 ng/ml) and mean Co levels in both areas (Navaseca Pond=7.90 ng/ml and
TDNP=4.87 ng/ml) were higher than reference values (Maia et al., 2017). Zn and Co are
essential elements for birds, but they can be toxic in high concentrations (Diaz et al.,
1994; Sileo et al., 2003). One moorhen from Navaseca Pond had a blood Zn level (73,295
ng/ml) exceeding the levels described for poisoned birds (15,000 ng/ml; Eisler 1993).

4.3. Feathers
Moorhens showed higher levels of As, Se, Hg, Cu and Mn in feathers in TDNP
than in Navaseca. This supports the observed results in blood and helps to reject the
hypothesis that birds living in Navaseca Pond receiving the effluent from the WWTP
could have higher concentrations of metals and metalloids. In general, the observed
levels of non-essential elements in feathers were low compared with studies performed
in other waterbird species, but less differences exist for essential elements (Burger and
Gochfeld, 2000; Tsipoura et al., 2011; Kim and Oh, 2014). Data about levels of heavy
metals and metalloids in feathers of common moorhens are only available for Hg in the
literature. Zamani-Ahmadmahmoodi et al. (2009) found 0.3 µg/g of Hg in feathers of
moorhens in a polluted area by industrial activity. Although we found higher levels in
this study (Navaseca Pond=0.43 and TDNP=1.43 µg/g), in both areas the observed mean
values were lower than the threshold of 5 µg/g associated with adverse effect in birds
(Eisler, 1987). In the case of Se, 5 µg/g in feather is an elevated level considered as a
provisional threshold warranting further studies (Ohlendorf and Heinz, 2011). Such level
was exceeded in four moorhens, two from Navaseca (2.6%) and two from TDNP (6.8%).
Other studies performed in common moorhens from polluted areas have measured the
concentrations of metals in liver, kidney and muscle, but levels have been low too
(Gómez et al., 2004; Salamat et al., 2014).
Some elements analysed in feather were at higher levels in adults than in
juveniles, which suggests that concentrations may increase with age (Jaspers et al.,
2004); but also, we detected differences in the accumulation in relation to the sampling
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season, in many cases being higher in spring or winter (i.e. old feathers before moult)
than in summer or autumn (i.e. new feathers after moult), which indicates the influence
of external deposition. Moreover, some strong correlations among elements in feathers
can respond to this external contamination despite of the washing procedure (Borghesi
et al., 2016; Cardiel et al., 2011).

4.4. Associations and interactions between elements.
We detected some correlations between elements within blood and feathers,
which may reflect interactions in food sources, bioavailability, storage or excretion. A
relevant relationship was found between Hg and Se (also evidenced with PCA), which
has been observed in several species (Alvárez et al., 2013) and it is explained as a
mechanism to reduce Hg toxicity in animals (Magos and Webb, 1980). Other correlations
observed here between elements (Pb-Zn, Pb-Cu, Hg-Cr, Hg-Ni and other) have also been
found in other studies associated with metallothionein binding (Elliott et al., 1992;
Stewart et al., 1996).

4.5. Effect on body condition: a sign of an ecological trap?
We found no significant relationship between body condition and elements
concentrations, although the lowest SMI values were found in moorhens from Navaseca
Pond. Other studies have explored the relationship between trace elements in birds and
their fitness, but no effects are usually observed when these elements are in adequate
physiological levels (Hargreaves et al., 2010). Here, most of the studied elements in
blood and feather of moorhens were within normal levels, so the lower body condition
in birds from Navaseca seems to be unrelated to metal pollution. Interestingly, Navaseca
Pond has much higher densities of waterbirds than TDNP (aprox. >100 vs. 10 birds/ha;
Anza et al., 2016; Laguna et al., 2016), because Navaseca is a highly productive pond in
aquatic invertebrates. Therefore, other environmental factors such as other pollutants
or pathogens from the urban sewage could affect body condition of moorhens. In this
sense, further research to characterize potential drivers of ecological traps in these
WWTP ponds must be performed.
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5. CONCLUSIONS
We can reject the hypothesis of a higher exposure to heavy metals and
metalloids in birds inhabiting in a wetland like Navaseca Pond that receives the effluent
from a WWTP of a small town with scarce industrial development. On the contrary,
other natural or anthropogenic sources of Se and Hg can determine the higher levels of
these two elements found in blood and feathers of moorhens from TDNP. Mercury levels
in moorhens were not especially high, but Se levels may need further research
considering nature of the floodplain of TDNP and the important irrigation developed in
the last decades. This scenario may resemble that of San Joaquin Valley (Ohlendorf and
Heinz, 2011), because blood Se associated with reproductive impairment or reduced
survival were found in 24.4% of moorhens from TDNP. Despite of the absence of adverse
effects on body condition that could be associated with the exposure to toxic elements,
moorhens from Navaseca Pond showed a lower SMI than in TDNP, which may reflect
adverse effects related to organic pollutants or pathogens associated with sewage
water. In both cases, selenium in TDNP or WWTP effluent in Navaseca can drive
ecological traps in these attractive wetlands for waterbirds.
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Supplementary material
Materials and methods
Sex determination of common moorhens
The discovery of the CHD genes on the W and Z sex chromosomes, has opened new
possibilities for molecular sexing of birds. The heterogametic sex (females) carries CHD1Z and CHD1-W whereas homogametic sex (males) carries just CHD1-Z (Ellegren 1996).
We used a new forward primer P8 (5´ CTCCCAAGGATGAGRAAYTG 3´), which in
conjunction with the reverse M5 (5´ YTYMCTTCAYTTCCATTAAAGC 3´) design by Bantock
et al., (2008) for common moorhens, would amplify a region of the CHD genes for
determination of sex. The moorhens sexing was determined in whole blood with
commercial Phusion Blood Direct PCR Kit (from Thermo Scientific) in a conventional PCR
in a reaction volume of 10 µl (0.2 µl of sample + 9.8 µl of PCR mixture). PCR mixture
contained H2O Milli Q (3.3 µl), 10 µM of forward and reverse primers (0.5 µl each),
phusion blood PCR buffer 2x (5.3 µl) and phusion blood II DNA polymerase (0.2 µl). PCR
was initiated with a cell lysis at 98 ºC for 4 min, followed for a stage of denaturation,
alignment and extension by 40 cycles of 98 ºC 1 s, 54 ºC 6 s, 72 ºC 20 s and final banding
at 72 ºC 1 min. PCR products were separated on a 2% agarose gel to display the banding
patterns. After PCR process, we centrifuged the samples at 9300 g for 2 min. The
supernatant (around 8 µl) was transferred to other microtube and 2 µl of charge buffer
(orange G) was added. 4 µl of this mixture and molecular weight markers were charged
in the agarose gel and the electrophoresis was set up at 80 V. Gel electrophoresis of PCR
products showed two bands for ZW (female genotype), and one band for ZZ (male
genotype) (Image 1).
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Image 1. Electrophoresis of PCR products from common moorhens demonstrated of presence
of two bands for females and one band for males.
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Table S1. Limits of detection (LOD) and quantification (LOQ) for the analysed elements in
sediment and blood and feathers of common moorhens.

Element

Blood

Feather

Sediment

(ng/mL)

(µg/g dry weight)

(µg/g dry weight)

LOD

LOQ

LOD

LOQ

LOD

LOQ

Al

NA

NA

0.146

0.486

1.54

5.13

Mn

0.11

0.35

0.004

0.014

0.04

0.14

Cu

0.67

2.23

0.015

0.050

0.12

0.41

Zn

8.2

27.4

0.067

0.222

0.81

2.69

As

0.01

0.04

0.001

0.003

0.01

0.04

Se

0.05

0.17

0.003

0.011

0.03

0.10

Cd

0.01

0.02

0.001

0.002

0.00

0.01

Hg

0.02

0.08

0.001

0.003

0.01

0.04

Pb

0.02

0.07

0.001

0.002

0.04

0.12

Cr

0.88

2.92

0.021

0.070

0.26

0.86

Co

0.02

0.06

0.011

0.035

0.02

0.05

Ni

0.61

2.03

0.028

0.093

0.27

0.89

Mo

0.15

0.49

0.008

0.027

0.03

0.09

Fe

NA

NA

0.366

1.220

0.45

1.51

NA: This element was not analysed in blood samples.

79

PhD Thesis – Jhon J. López-Perea
Table S2. Percentages of recovery found in the certified reference materials TORT-2 and
CRM025-050.
Element

TORT-2 (n=13)
%R

CRM025-050 (n=11)
SD

%R

SD

104.5

8.4

Al

NC

Mn

84

16

102.4

5.7

Cu

95.9

7.2

103.9

9.4

Zn

95.3

6.4

99.3

7.1

As

96.9

6.5

102.4

5.2

Se

97.3

5.4

99.8

6.7

Cd

98.9

6.3

101.7

9.8

Hg

98.2

8.1

98.6

7.3

Pb

94.5

6.5

96.2

7.7

Cr

97.5

7.1

99.8

6.6

Co

96.3

6.7

99.4

6.2

Ni

92.7

6.1

103.0

5.7

Mo

100.3

7.7

103.0

7.8

Fe

97.6

8.1

102.7

5.3

NC: This element was not certified in the reference material used.
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Table S3. Pearson correlations among elements in sediments.
Al

Cr

Mn

Fe

Co

Ni

Cu

Zn

As

Se

Mo

Cd

Hg

Pb

Al
Cr

0.962***

Mn

0.658***

0.584***

Fe

0.991***

0.960***

0.711***

Co

0.930***

0.918***

0.581***

0.909***

Ni

0.955***

0.953***

0.587***

0.942***

0.981***

Cu

0.878***

0.921***

0.628***

0.896***

0.856***

0.893***

Zn

0.776***

0.850***

0.628***

0.805***

0.773***

0.809***

0.948***

As

0.873***

0.881***

0.448**

0.858***

0.860***

0.859***

0.708***

Se

0.372*

0.392*

0.438**

0.431**

0.490**

0.595***

0.537**

0.579***

0.596***
0.503**

Mo
Cd

***.

0.515**

0.696***

0.713***

0.384*

-0.334*

Hg
Pb

0.386*

0.679***

0.742***

0.398*

0.490**
0.693***

0.718***

0.759***

0.884***

0.867***

0.494**

0.794***

P<0.001; **. P<0.01; *. P<0.05
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Table S4. Pearson correlations among elements in common moorhen feathers (above diagonal line) and blood (below diagonal line).
As

Cd

Mn

As

0.395***

Cd

-0.230*

Hg

Pb

0.263**

0.593***

0.194*

Hg

Se

0.263**

Cu

0.649***

Zn

0.648***

Co

0.357***

Cr

0.334***

0.416***

0.303**

0.389***

0.466***

0.263**

-0.193*

0.358***

0.524***
0.205*

0.195*
0.310**

0.392***

Co

Ni

Mo

Al

-0.241**

Mo

-0.395***

Fe

0.226*

-0.258**

0.332**

0.326**

0.275**

0.496***

0.222*
-0.353***

0.359***

0.342***

0.197*

-0.294**

-0.197*
0.375***

0.765***

0.227*

0.299**

0.352***

0.448***

Ni

Al

Zn

-0.198*

-0.348***

Cr

Cu

0.240*

Mn

Pb

Se

0.418***

0.513***
0.269**
0.244**

0.583***
0.507***

0.371***

0.290**

0.255**

0.529***

0.483***

0.805***

0.210*

0.242*
0.277**

0.262**

0.321**
0.560***

0.533***
0.595***

Fe
***.

P<0.001; **. P<0.01; *. P<0.05
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Fig. S1. Correlation diagram of some elements found in blood (left) and feather (right) of
common moorhens.
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Abstract
The chemical composition of the uropygial gland secretion of birds shows seasonal, sex
and age-related variations following sex hormones fluctuations. We explore the use of
the composition of the uropygial gland secretion as a non-invasive biomarker of
endocrine disruption in 137 common moorhens (Gallinula chloropus) from Navaseca
Pond, which receives the effluent of a wastewater treatment plant, and Tablas de
Daimiel National Park, which is less affected by sewage. Wax and fatty acid composition
was measured in the preen oil and organochlorine compounds (p,p’-DDE and PCBs) were
measured in blood and preen oil as indicators of anthropogenic pollutants. PCBs and
p,p'-DDE were found in 32% of the blood and 51% of preen oil samples, being at highest
levels in Navaseca. Wax composition was dominated by monoesters of 35 to 38 carbons
and displayed a clear seasonal variation, in which long-chain waxes were more abundant
in spring-summer than in autumn-winter. This seasonal change was less evident in birds
from Navaseca, where the presence of shorter waxes was associated with the higher
concentration of PCBs in preen oil. Uropygial gland secretion can be used as a noninvasive sample for integrating chemical monitoring of pollutants and their effects as
endocrine disruptors in birds.
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1. INTRODUCTION
Non-destructive techniques for the evaluation and monitoring of the exposure to
pollutants in bird are highly recommended in terms of animal welfare and, particularly,
for the study of protected or endangered species in which samples from dead animals
are difficult to obtain. Blood, faeces and feathers are frequently used for monitoring
different types of pollutants and their effects (Yamashita et al., 2007; Eulaers et al.,
2011; García-Fernández et al., 2013; Kocagöz et al., 2014). Some of these samples can
be obtained non-invasively (i.e faeces, feathers) and can even give some information of
the effects of pollutants on biomarkers (i.e. porphyrins; Mateo et al., 2006; Rudolph et
al., 2016). Recently, uropygial gland secretion (preen oil) has been proposed as a nondestructive tool to monitor persistent organic pollutants (POPs) (Solheim, 2010; Jaspers
et al., 2013); and it could open new perspectives in the development of non-invasive
biomarkers in feathers. Preen oil concentrations of organochlorine compounds (i.e.
DDTs and PCBs) have been found to be correlated with concentrations in internal tissues
(i.e. fat, liver, muscle, blood) (Kocagöz et al., 2014; Yamashita et al., 2007; Eulaers et al.,
2011). This indicates that concentrations of lipophilic contaminants in preen oil may be
used as a surrogate of the internal contamination in birds. Moreover, preen gland also
has been proposed as an organ for the excretion of POPs in birds and, therefore, a source
of external contamination of POPs onto feathers (Jaspers et al., 2008; Solheim et al.,
2016).
On the other hand, the study of preen oil composition opens new perspectives in
the use of this type of sample for the study of some biomarkers. Lipids, vitamins,
proteins and salt are secreted by preen gland, being lipids the most abundant, which are
used by birds for protecting their feathers against adverse environmental factors
(Stevens, 2004; Reneerkens et al., 2008) and conferring them of biomechanical
properties for flight (Thomas et al., 2010). Fatty acids and waxes are the main lipids
secreted by the gland and they have shown to be very species-specific. Interestingly,
fatty acids and waxes can vary by age, season of the year and sex (Haahti and Fales,
1967; Stevens, 2004; Thomas et al., 2010), which denotes that preen oil composition can
be modulated by the endocrine function during the life-cycle of the individuals.
Uropygial gland, like the sebaceous glands of mammals, are responsive to androgens
(Abalain et al., 1984) and testicular development (Bhattacharyya and Chowdhury, 1995),
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but also to estrogens. Bohnet et al. (1991) observed that the injection of estradiol in
female mallards (Anas platyrhynchos) in the mating season induced a replacement of
the short-chain monoesters by long-chain monoesters and then to diesters, and these
changes were hastened when thyroxine was injected with estradiol. Differences in wax
composition have been also observed by sex, with males having lower amounts of
diesters than females (Kolattukudy et al., 1985, 1987).
The information about the use of lipidomics in the study of the effects of
environmental pollutants is still very limited (Gorrochategui et al., 2015; Scanlan et al.,
2015). Nevertheless, the effects on specific groups of lipids have been frequently
included in ecotoxicological studies in wildlife. Changes in the fatty acid composition
have been observed in several animal models exposed to heavy metals (Donaldson and
Leeming, 1984; Mateo et al., 2003; Reglero et al., 2009) and organic persistent pollutants
(Borlakoglu et al., 1990; Guitart et al., 1996; Gutiérrez et al., 1997). Despite that several
studies have used preen gland secretion as a non-invasive sample for monitoring the
exposure of birds to POPs, the composition of the preen oil has not been used yet as a
biomarker of environmental contamination. We hypothesize that waxes of the preen
secretion can be used as biomarkers of endocrine disruption because their composition
show marked changes following the life cycle of sexual steroids in birds. Here we explore
the use of the composition of the preen gland secretion as a non-invasive biomarker of
the effects of environmental pollutants in common moorhens (Gallinula chloropus) from
two wetlands with different pollution levels. Organochlorine compounds (OCs; i.e. p,p’DDE and PCBs) have been measured in blood and preen secretion of common moorhens
as indicators of anthropogenic pollutants and the composition of preen secretion in fatty
acids and waxes has been characterized to be compared between areas and to study its
relationship with organochlorine levels.
2. MATERIALS AND METHODS
2.1. Study area
Samples were taken in two wetlands in Castilla-La Mancha (C Spain). One of
these sites is the floodplain of Tablas de Daimiel National Park (TDNP), located at the
junction of Cigüela and Guadiana rivers and with a maximum flooded surface of 2,000
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ha. TDNP occasionally receives the input of poorly treated wastewater from towns
located upstream, but the levels of organic pollutants in water and sediment are low
(Rivetti et al., 2017; Table S1). The other study site is Navaseca Pond (24.3 ha), which is
located at 6.5 km from TDNP and only overflows into Guadiana river during exceptional
heavy rains. This wetland was a seasonal pond in the past, but now it is permanently
flooded and highly eutrophic because it receives the effluents of the WWTP of Daimiel
town (Anza et al., 2014). Water of Navaseca Pond shows higher levels of toxic and
estrogenic compounds (Table S1), estrogenic activity, and Daphnia toxicity than TDNP
(Rivetti et al., 2017).
2.2. Bird Sampling
The studied species was the common moorhen (Gallinula chloropus), which is a
medium-sized (200-500 g of body weight) member of the family Rallidae with worldwide
distribution in aquatic environments with its relative and conspecific until recently G.
galeata (i.e. North and South America, Africa, Europe and Asia). Moorhens are
omnivorous; feed on different parts of sedges, reeds, cattails, submerged plants, various
sprouts, fruit and cereals. Food of animal origin come predominantly from aquatic
invertebrates, although it also feeds on small vertebrates, garbage and even carrion
(Taylor et al., 2018). The widespread distribution of moorhens, its sedentary habits and
its omnivorous diet make this species appropriate as bioindicator of pollution in
wetlands. Bird trapping was done between October 2013 and March 2015, using funnel
traps on the shore of the lake where groups of moorhens usually feed. In total, 137
moorhens were captured and marked with a metal ring, weighed, tarsus and wing length
measured. Blood and preen oil samples were taken for the analysis of pollutants and
biomarkers. Blood was from jugular vein and stored at -80 ºC in heparin tubes. Preen
gland oil was collected using a cotton swab, which was gently massaged on the preen
gland, the samples were placed in previously weighted amber glass vials and stored at 80 ºc until analysis. Age (juvenile/adult) was determined using plumage criteria (Baker,
1993) and the sex was determined in whole blood with a conventional PCR (Phusion
Blood Direct PCR Kit from Thermo Scientific, see details in supplementary material). The
body condition of moorhens was calculated according to the scaled mass index (SMI)
proposed by Peig and Green (2009).
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2.3. Analysis of preen oil waxes and fatty acids
Waxes and fatty acids methyl esters (FAMEs) from preen gland oil were
characterized as follows. The extraction of preen gland secretion (mean ± SD: 6.4 ± 7.5
mg, range: 0.1-52.8 mg) was carried out by adding 500 μL of hexane in the previously
weighted amber glass vials which contained the cotton swab, then 10 µL of tridecanoic
acid (13:0, 10 µg/µL in methanol; Sigma, Steinheim, Germany) and 10 µL of PCB 209
(0.01 ng/µL in hexane, Dr. Ehrenstorfer, Augsburg, Germany) were added as internal
standards for FAMEs and OC analyses, respectively. The mixture was vortex, horizontally
shaken and sonicated for 10 min and the solvent was collected and evaporated under
N2. The dry extract was reconstituted in 400 µL of hexane for the analysis by gas
chromatography. After wax analysis, the same extract was transferred to a 10-mL glass
tube and 1 ml of hexane was added, the mixture was evaporated under N2 flow, the dry
extract was reconstituted with 1 mL of an acidic solution of methanol (H2SO4, 1 N) and
methylation procedure was done (Mateo et al., 2004). The solvent was evaporated
under N2 flow and the dry extract was reconstituted in 0.3 mL of hexane and transferred
to a chromatography vial for FAMEs analysis.
Preen oil waxes and FAMEs were analysed by gas chromatography (GC) coupled
to an electronic impact mass spectrometry detector (EI-MS). The chromatographic
system consisted of a 6890N Network GC System with a 5973 Network Mass Selective
Detector (Agilent Technologies, Santa Clara, CA, USA). The mass spectrometer source
was held at 230 ◦C and the voltage used was 70 V. In the case of waxes the capillary
chromatographic column used was a HP-1MS UI (30m×0.25mm I.D., 0.25µm film
thickness; Agilent Tecnologies, Inc). The injector (splitless mode) was set at 270 ◦C and
the oven was maintained for 3 min at 270 ◦C, then increased to 300 ◦C at a ramp rate of
0.5 ◦C/min. The carrier gas used was helium at a flow rate of 0.4 ml/min. Identification
and quantification were achieved by comparison of retention times and mass spectra
with reference standards of the most abundant waxes in birds (stearyl arachidate,
stearyl palmitate and arachidyl palmitate, Santa Cruz Biotechnology Inc, Santa Cruz, CA,
USA). For FAMEs the column used was a BPX70 (SGE, 30m×0.25mm I.D., 0.25µm film
thickness; Cromlab, Barcelona, Spain). The injector (splitless mode) was set at 270 ◦C
and the oven was maintained for 5min at 100 ◦C, then increased to 240 ◦C at a ramp rate
of 2.5 ◦C/min. The carrier gas used was helium at a flow rate of 1.2 ml/min. Identification
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and quantification were achieved by comparison of retention times and mass spectra
with FAME reference standards (FAMQ-005, AccuStandard, New Haven, CT, USA).
Results were expressed as percentages of individual waxes or FAMEs from the total
amount. The nomenclature of waxes was based on two components in the following
order: alcohol-fatty acid; we used the abbreviation C# for corresponding to the total
number of carbons in the chain, including both fatty acids and alcohols. For
nomenclature of FAMEs we used “X” for the position of the unidentified methyl
branched.
2.4. Analysis of chemical pollutants
Moorhens from Navaseca are exposed to higher levels of chemical pollutants
than in TDNP (Table S1). Here we have used OC compounds (especially PCBs) as
indicators of the bioaccumulation of chemical pollutants in the moorhens exposed to
the sewage because of the possibility of their detection in the small available amount of
blood and preen oil samples. The analysis of OC pesticides and PCBs in whole blood (300
µL) was carried out as described by Mateo et al. (2012) based on hexane extraction and
clean-up with H2SO4. OC pesticides and PCBs in preen oil were measured in the final
extract obtained for fatty acid analysis after the corresponding clean-up as performed
with blood (See details of extraction in supporting information). Separation and
detection of OCs pesticides and PCBs were performed with a gas chromatograph (GC)
(Agilent Technologies 6890 N series) equipped with a 30-m fused silica capillary column
HP-5 of 0.32 mm ID and 0.25µm of film thickness (from J&W Scientific, USA), coupled to
an electron capture detector (ECD). Organochlorine pesticides and PCB congeners were
identified by their retention time and localized and quantified using the internal
standard (PCB #209) and calibration curves prepared with standard mixture of pesticides
and PCBs (Pesticide-Mix 13, from Dr. Ehrenstorfer). Sum of PCBs was reported for those
present in PM 13. The recovery of the method was calculated with whole blood samples
of birds and clean cotton swab spiked with Pesticide-Mix 13 at three different amounts
for blood (2.5, 5 and 10 ng) and two for preen oil (25 and 50 ng) and five replicates per
concentration level for both. The recovery of p,p’-DDE and PCBs ranged from 106.75%
± 2.43 to 110.5% ± 5.8 for blood and 92.6% ± 10.95 to 104.6% ± 14.0 for preen oil. Endrin,
dieldrin and methoxychlor were completely lost in the clean-up step with H2SO4. The
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limits of detection for all compounds were defined as three time the noise level from
blanks, were all <0.01 ng/mL for blood or <0.001ng/g for preen oil.
2.5. Statistical analysis
Non-detected values were set to half the detection limit and data were log10transformed prior to analysis to approach a normal distribution. For pollutants, we
tested whether persistent organic pollutants concentrations differed among study areas
and between sexes, age and year of sampling in each tissue: blood and preen oil.
Analyses involved generalized linear models (GLM) using the levels of each pollutant as
a response variable and the other variables listed above as predictors (sex, age, year,
season, zone, SMI). Separate tests were performed for each element. Correlations
between the log-transformed concentrations of pollutants in each type of sample (blood
and preen oil) were performed using the Pearson’s correlation. For the biomarkers fatty
acid and waxes, we also tested whether compounds percentage differed among study
areas and between sexes, age and season of sampling using a generalized linear models
(GLM). Correlation between percentage of fatty acid and waxes and SMI were
performed using Spearman correlation. Moreover, two Principal Component Analysis
(PCA) with the percentage of waxes and fatty acids in preen oil were used to explore
variability patterns and co-correlations between elements among study areas. PC values
of fatty acids and waxes were tested as dependent variables in GLMs with study area,
sex, age, year and season of sampling as factors. The effects of pollutants were tested
including the persistent organic pollutants as a covariate, study area, sex, age and
season of sampling as factors and PC values of fatty acids and waxes as response
variables in GLMs. Statistical analyses were performed with IBM SPSS Statistics v. 24.
Significance of all tests was established at p<0.05.
3. RESULTS AND DISCUSSION
3.1. OCs pesticides and PCBs concentrations
Blood concentration of PCBs were higher in Navaseca Pond than in TDNP (Wald’s
χ2=6.177, p=0.013; Fig. 1A; Table S2). Blood PCBs levels tended to be lower during springsummer than in autumn-winter (Wald’s χ2=3.240, p=0.072) and the lowest levels were
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reported in the year 2014 (Wald’s χ2=8.771, p=0.012). Blood levels of p,p'-DDE were
higher in females than in males (Wald’s χ2=10.93, p=0.001). Both PCBs and p,p'-DDE
levels were low compared with bird species at higher trophic levels in Spain (Espín et al.,
2018). PCBs were well below the threshold of effects on parental breeding behaviour in
birds (4 μg/g; Fisher et al., 2006). According to Henny and Meeker (1981), the expected
levels of p,p'-DDE in eggs of moorhens would be 0.6-1 ng/g wet weight, which is much
lower than any level are associated with eggshell thinning (1 μg/g; Blus, 2011).

Fig. 1. Blood and preen oil concentrations of p,p'-DDE and PCBs (138+153+180) in common
moorhens from Navaseca Pond, which receives the effluent of a waste water treatment plant,
and Tablas de Daimiel National Park (TDNP) in Central Spain.

No differences between areas were found for OC levels in preen oil (Fig. 1B; Table
S2). The observed levels were much lower than the levels found in other species at
higher trophic levels (Yamashita et al., 2007; Eulaers et al., 2011; Kocagöz et al., 2014).
PCB levels in preen oil were negatively correlated with the body condition of moorhens
(Wald’s χ2=11.971, p=0.001, β=-0.017±0.005). These levels tended to be higher in springsummer than in autumn-winter (Wald’s χ2=3.053, p=0.081) and the lowest levels were
found in 2015 (Wald’s χ2=5.324, p=0.021). Similarly, p,p'-DDE levels were higher in
spring-summer than in autumn-winter (Wald’s χ2=7.653, p=0.006) and the lowest levels
were found in 2015 (Wald’s χ2=5.941, p=0.015). Level of p,p'-DDE in blood was positively
correlated with the concentration of p,p'-DDE in preen oil (r=0.399, p<0.001) and also
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with the concentration of PCBs in blood (r=0.178, p=0.046). These correlations support
the use of preen oil as an indicator of the OC burden in birds as found in previous studies
(Yamashita et al., 2007; Eulaers et al., 2011; Kocagöz et al., 2014).
3.2. Preen oil wax composition and its determinant factors
Preen oil wax composition was constituted by compounds from 33 to 40 carbons
and the most abundant had 35 to 38 carbons (Fig. 2A). These waxes were monoesters
formed by fatty acids of 15 to 21 carbons (mainly 17-19) esterified with 17 to 21 alcohol
chains (mainly 18 and 19) (Table S3; Fig. S1). In other species of waterbirds, 20 to 38 long
chain monoester waxes were the most commonly detected compounds (Dekker et al.,
2000; Sinninghe Damsté et al., 2000; Thomas et al., 2010). Diester compounds have
been also described in waders (family Scolopacidae), but only during the breeding
season as a mechanism of olfactory crypticism (Reneerkens et al., 2002, 2005). Here we
have not detected diester waxes.
PCA yielded three principal components that explained 57.1% of the variance
(PC1: 30.0%; PC2: 16.1%, PC3: 10.9%). Dispersion graph of PC1 and PC2 values shows a
seasonal difference in the first axis related to the increase of long-chain waxes (≥38
carbons) during spring-summer in comparison with autumn-winter, when shorter waxes
(≤36 carbons) showed higher loadings (Fig. 2B). Chemical composition of preen oil is
influenced by multiple factors including genotype (Slade et al., 2016), diet (Thomas et
al., 2010) and, especially, seasonal variations associated with changes in endocrine
profiles (Whittaker et al., 2011). Here we found an increase in long-chain waxes in
spring-summer, which can respond to an adaptation of birds to reduce olfactory signals
produced by short-chain volatile compounds during the incubation to avoid predation
by mammals (Reneerkens et al., 2005).
GLM analyses of PC1 showed differences in the composition of waxes related to
the season (Wald’s χ2=20.8, p<0.001, higher values in spring-summer), study area
(Wald’s χ2=15.6, p<0.001, higher values in TDNP), and PC1 values were negatively
associated with the concentrations of PCBs in the preen oil (Wald’s χ2=4.9, p<0.026;
Table 1). Moorhens in the breeding season, especially males, tend to have waxes with
longer chain, but this seasonal change was less evident in Navaseca Pond than in TDNP
(Fig. 2C). Scaled mass index did not differ between study areas and it was higher in
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juveniles than in adults. Plasma sex hormones levels did not differ between study areas,
but testosterone levels were higher in autumn-winter than in spring-summer. Wax
composition in the preen oil has been demonstrated to be androgen responsive and the
presence of androgen receptors in the uropygial gland has been confirmed in several
bird species (Abalain et al., 1984). Moreover, the replacement of the short chain
monoester waxes of the uropygial gland by long chain monoester waxes, and
subsequently the replacement of monoester waxes by diesters has been observed after
estradiol injection in female mallards (Bohnet et al., 1991). The change in the length of
fatty acid chain is caused by suppression of the expression of the gene for the
thioesterase responsible for releasing short chain acids from fatty acid synthase
(Kolattukudy et al., 1985). Interestingly, the appearance of the transcripts and
immunologically detectable thioesterase protein occurs two months after hatching in
juvenile mallards, with the acquisition of the adult plumage (Kolattukudy et al., 1991).
The hormonal control of uropygial secretion during life-cycle in birds is possible because
the gen codifying the enzyme have a cluster of putative steroid hormone receptor
binding domains that could be involved in regulating the gene expression (Sasaki et al.,
1988). Therefore, there is a clear potential of endocrine disrupting chemicals to affect
uropygial secretion composition that can be used as a non-destructive effect biomarker
in birds.
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Fig. 2. Composition of waxes in the preen gland oil of common moorhens from Navaseca Pond
and Tablas de Daimiel National Prk (TDNP). (A) Seasonal differences in the composition of waxes
were observed between Spring-Summer and Autumn-Winter, in particular of long-chain waxes
(marked with the asterisk). (B) Factors obtained with the Principal Component Analysis (PCA) of
waxes composition revealed the difference between seasons in the length of the alcohol and
fatty acid chain of the waxes (values in the arrows show the loadings of specific waxes (alcoholfatty acid) in the PCA. (C) The seasonal shift in the wax composition was more marked in TDNP
than in Navaseca Pond, which may be explained by disruptive effects on lipid metabolism of
pollutants present in the effluent of the wastewater treatment plant that this pond directly
receives.
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Table 1. Results of the Generalized Linear Models (GzLM) obtained to describe the changes in
preen oil wax composition in common moorhens from Navaseca Pond and Tablas de Daimiel
National Park (TDNP). The best models were selected according to Akaike criterion (AICc).
Predictors (p values, β±ET)

AICc

Dependent variable: PC1 Waxes in preen gland
Zone (↑TDNP, p<0.001) + Season (↑spring-summer, p<0.001) + Preen gland PCBs

120.29

(p=0.026, β=-0.169±0.076)
Zone (p<0.001) + Season (p<0.001) + Preen gland PCBs (p=0.039, β=-0.154±0.074) +

120.79

Blood p,p’-DDE (p=0.141, β=-0.317±0.215)
Zone (p<0.001) + Season (p<0.001) + Preen gland PCBs (p=0.054, β=-0.142±0.077) +

121.68

Blood p,p’-DDE (p=0.052, β=-0.454±0.233) + Sex (↑female, p=0.168)
Zone (p<0.001) + Season (p=0.007) + Preen gland PCBs (p=0.039, β=-0.151±0.077) +

121.97

Plasma testosterone (p=0.329, β=-0.081±0.0.083)
Zone (p=0.002) + Season (p=0.007) + preen gland PCBs (p=0.094, β=-0.137±0.082) +

122.02

Zone×Season (p=0.342)
Dependent variable: PC2 Waxes in preen gland
Scaled Mass Index (p=0.008, β=-0.013±0.005) + Blood PCBs (p=0.081, β=-0.700±0.401)

144.23

Scaled Mass Index (p=0.023, β=-0.011±0.005)

144.80

Scaled Mass Index (p=0.006, β=-0.013±0.005) + Blood PCBs (p=0.086, β=-0.680±0.397) +

145.69

Zone (↑Navaseca, p=0.305)

3.3. Identification of fatty acids in preen oil
The composition of fatty acids in preen oil from common moorhens was
constituted by chains of 11 to 24 carbons, being the most abundant from 16 to 20
carbons, similarly to waxes (Table S4; Fig. S2; Fig. S3A). The percentage of saturated fatty
acids (SFA) was much higher than the percentage of unsaturated (UFA) (Table S5), and
most of the SFA showed the presence of one, two or three methyl branches in the main
chain (Fig. S3A). Branched-chain fatty acids have lower melting point than straight-chain
and are more resistant to oxidation, which are desirable features for their function in
the preen gland secretion to make feathers more water-repellent and wear-resistant
(Lederer, 1964).
The factorial analysis performed identified three principal components that
explained 48.1% of the variance of fatty acid composition (Fig. S3B). Negative values of
PC1 were associated with higher values of long-chain branched fatty acids (di- and
trimethyl branched with 17:0 and 18:0), while negative PC2 values were associated with
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higher values of short-chain branched fatty acids (di- and trimethyl branched with 13:0,
14:0 and 15:0). PC1 was not associated with none of the studied predictors, but higher
PC2 values were found in spring-summer than in autumn-winter (Wald’s χ2=29.26,
p<0.001; Fig. S3C). Moreover, PC2 values were negatively associated with blood PCB
concentrations (Wald’s χ2=4.73, p=0.030, β=-0.474±0.218), which can drive the
difference in PC2 observed in spring-summer between Navaseca Pond and TDNP (Fig.
S3C). These effects of seasonality and PCBs are like those observed for waxes.
Considering that the analysis of fatty acids as methyl esters is much easier than the
identification of complex mixtures of waxes, we may recommend preen oil fatty acids
as biomarkers for ecotoxicological studies. Fatty acid composition of other animal
tissues, especially related with the degree of unsaturation, can be affected by organic
pollutants (Borlakoglu et al., 1990; Guitart et al., 1996) and heavy metals (Lawton and
Donaldson, 1991; Knowles et al., 1998; Mateo et al., 2003) by other mechanisms apart
of endocrine disruption. However, none of these are like the hormone-mediated
changes observed in the uropygial secretion.
In summary, birds exposed WWTP effluent in Navaseca Pond, with higher levels of
PCBs, showed shorter waxes and fatty acids in preen oil than birds from TDNP. Here we
have also observed a difference in wax composition between the birds from Navaseca
Pond and those from TDN that denotes a lower response to the expected seasonal
changes in the former. Birds from Navaseca are known to be more exposed to endocrine
disrupting chemicals from WWTP effluents than those from TDNP (Rivetti et al., 2017;
Table S1). Even though PCB levels were very low in moorhens, these birds are exposed
to a wide range of endocrine disruptors from sewage water that were not monitored in
moorhens because of sample limitations. If we take PCBs just as indicators of that
urban/industrial pollution, we confirm the lower presence of long-chain waxes in birds
with higher levels of endocrine disrupting chemicals. Therefore, wax and fatty acid
composition of the uropygial secretion can be prosed as a sensitive and non-destructive
biomarker of endocrine disruption in birds.
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Supplementary material
Material and methods
Extraction of OC pesticides and PCBs in blood and preen oil
The extraction procedure of organochlorine pesticides and PCBs in whole blood was
carried out as follows. 300 µL of sample were transferred to a Teflon-capped 10 mL-glass
tube. 10 µL of PCB-209 (0.01 ng/µL concentration) were added as internal standard.
Then, 4 mL of hexane and 2 gr of anhydrous sodium sulphate (Prolabo, Leuven, Belgium)
were added; the homogenate was vortexed, horizontally shaken and sonicated during 5
min. The extract was centrifuged at 1034 rcf 5 min and the supernatant was transferred
to other glass tube. The extraction was repeated with 1 mL of the solvent and the
supernatant obtained was pooled with the previous one. Then, this extract was cleanedup adding 500 µL of sulfuric acid, horizontally shaken for 5 min and centrifuged again at
1034 rcf for 5 min. The upper layer was transferred to another glass tube for a new
clean-up. Clean-up was done three times. The solvent was evaporated under N2 flow
and the dry cleaned-up extract was reconstituted in 0.2 mL of hexane and transferred
to a chromatography vial.
Preen oil analysis for organochlorine pesticides and PCBs was performed in the same
extract used for FAMEs analysis. After FAMEs determination, the samples dissolved in
hexane were cleaned-up adding 100 µL of sulfuric acid and following the same
procedure used for blood sample. The solvent was evaporated under N2 flow and the
dry cleaned-up extract was reconstituted in 0.2 mL of hexane and transferred to a
chromatography vial.
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Results
Table S1. Contaminants residues levels (ng/L) and general physico-chemical parameters of water
samples collected from TDNP and Navaseca Pond in July 2013 (from Rivetti et al., 2017).
Contaminants
Estrogens
Estriol
Estrone
Antimicrobials
Triclosan
Preservatives
Methylparaben
Ethylparaben
Propylparaben
Plasticizer
Bisphenol A
Alkylphenols
Nonylphenol
Octylphenol
Nonylphenol Monocarboxylate
Nonylphenol diethoxylate
Anticorrosives
1H-Benzotriazole
Tolytriazol
Organophosphorus flame retardants
Tris(butoxyethyl) phosphate
Tris(chloroisopropyl) phosphate
Tris(2-chloroethyl) phosphate
PAHs
Naphtalene
Acenaphtylene
Acenaphtene
Fluorene
Phenantrene
Antracene
Fluorantene
Pyrene
Benzo[a]anthracene
Crysene
Benzo[b]fluoranthene
Benzo[k]fluoranthene
Benzo[a]pyrene
Indeno[1,2,3-cd]pyrene
Benzo[a,h]anthracene
Dibenzo[ghi]perylene
Chemical biomarker
Caffeine
pH
Conductivity (mS)
O2 (mg/L)
Total suspended particles (mg/L)

Navaseca Pond (n=3)
Mean
SE
Min
Max
0.29
2.26

0.21
2.24

13.4

12.9

<LOD
<LOD

Mean

TDNP (n=8)
SE
Min

Max

0.70
6.74

<LOD
0.83

<LOD
0.53 <LOD

<LOD
3.70

39.1

<LOD

<LOD

<LOD

<LOD
<LOD
1.80

<LOD
0.27
<LOD

<LOD
0.13 <LOD
<LOD

<LOD
1.20
<LOD

<LOD
<LOD
1.10

0.55

<LOD
<LOD
<LOD

18.1

13.3

3.0

44.5

2.3

<LOD
1.20
196.9
29.5

1.00
6.81
13.7

<LOD
0.10
185
12.7

<LOD
3.20
208.6
56.6

6.54
0.23
<LOD
5.79

4.31 <LOD
0.10 0.07
<LOD
2.90 0.01

30.10
0.80
<LOD
19.1

49.2
289.1

5.27
12.3

43.7 59.7
265.5 307.2

0.04
10.3

5.43

0.04
0.01

0.04
44.3

69.8
820.3
500.3

6.52 62.2 82.8
142.4 535.5 963.8
32.1 452.9 561.6

<LOD
65.2
2.14

20.1
2.12

<LOD
18.0
0.02

<LOD
155.5
17.0

0.97
1.03
1.83
2.90
1.53
0.04
0.04
<LOD
<LOD
0.07
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD

0.23
0.35
0.13
0.15
0.13
0.03
0.03

124.5
7.97
3.73
7.17
1.13

68.9
0.09
0.19
0.54
0.58

0.03

1.1

0.1

8.5

0.60
0.50
1.70
2.70
1.40
<LOD
0.01
<LOD
<LOD
0.01
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD

1.40
1.70
2.10
3.20
1.80
0.10
0.10
<LOD
<LOD
0.10
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD

0.45
0.10
0.40
0.66
0.75
<LOD
0.51
2.86
<LOD
0.09
<LOD
<LOD
<LOD
<LOD
0.09
<LOD

0.25 0.01
0.04 <LOD
0.10 <LOD
0.13 0.20
0.14 0.10
<LOD
0.11 <LOD
0.52 <LOD
<LOD
0.02 0.01
<LOD
<LOD
<LOD
<LOD
0.05 <LOD
<LOD

2.10
0.40
0.70
1.20
1.20
<LOD
1.00
4.70
<LOD
0.20
<LOD
<LOD
<LOD
<LOD
0.40
<LOD

53.8
7.87
3.52
6.10
0.50

262.3
8.15
4.12
7.80
2.30

12.9
7.81
2.59
10.3
0.15

12.7
0.05
0.21
0.33
0.02

101.6
8.00
3.55
11.9
0.23

0.01
7.60
1.86
9.10
0.10
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Table S2. Blood concentrations of p,p'-DDE and PCBs (138+153+180) in common moorhens from
Navaseca Pond, which receives the effluent of a waste water treatment plant, and Tablas de
Daimiel National Park (TDNP) in Central Spain.

Navaseca
Tablas
N %+ Mean SE
N %+ Mean
Blood (ng/ml)
p,p'-DDE 90 16 0.168 0.061 37 11 0.097
PCBs
90 27 0.447+ 0.108 37 14 0.126
Preen Oil (ng/g)
p,p'-DDE 60 23 0.045 0.009 26 24 0.124
PCBs
60 23 0.082 0.028 26 16 0.295
+
Significantly higher in Navaseca Pond than in Tablas de Daimiel National Park
Parameter

SE
0.053
0.054
0.075
0.241
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Table S3. Chemical composition of the preen oil wax of common moorhens obtained by GC-MS.
Carbon number refers to the total number of carbons in the wax.

Peak
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

Retention
Time
20.49
21.49
22.38
23.52
23.92
25.63
26.06
26.88
27.25
28.57
29.99
30.36
31.08
31.39
31.58
32.21
32.55
33.11
33.55
34.09
34.82
35.19
35.81
36.49
37.16
38.99
40.48
41.00
41.99
43.48
43.73
44.37
45.63
47.62
48.45
49.26
50.34
51.31
53.00

Carbon
MW
#
33
494
33
494
33
494
34
508
33
494
34
508
34
508
35
522
35
522
35
522
35
522
35
522
35
522
35
522
36
536
34
508
36
536
35
522
36
536
36
536
36
536
36
536
36
536
37
550
36
536
37
550
38
564
37
550
37
550
36
536
38
564
38
564
38
564
38
564
39
578
38
564
39
578
39
578
40
594

Carbon
Alcohol #
18
18
18
18
18
17
18
19
18
18
18
18
18
18
18
18
18
18
17
18
18
18
18
19
18
19
19
18
18
20
18
18
20
20
21
20
18
20
20

Carbon
Acid #
15
15
15
16
15
17
16
16
17
17
17
17
17
17
18
16
18
17
19
18
18
18
18
18
18
18
19
19
19
16
20
20
18
18
18
18
21
19
20

Protonated
Acid Ion
243
243
243
257
243
271
243
243
271
271
271
271
271
271
285
257
285
271
299
285
285
285
285
285
285
285
299
299
299
257
313
313
285
285
285
285
327
299
313
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Peak
Number
40
41
42

Retention
Time
54.79
56.37
57.45

Carbon
MW
#
40
594
38
564
40
594

Carbon
Alcohol #
21
18
20

Carbon
Acid #
19
20
20

Protonated
Acid Ion
299
299
299

Fig. S1. Chromatograms showing GC-MS analysis of preen oil wax sample collected from a
common moorhen. Description of peaks are detailed in Table S3.
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Table S4. Chemical composition of preen oil fatty acid methyl ester of common moorhens
obtained by GC-MS. Carbon number refers to the total number of carbons in the FA.

Peak
number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

Retention
Time
8.27
11.04
13.3
14.07
15.1
15.65
16.63
17.13
17.34
17.85
18.36
18.74
18.98
19.41
19.66
20.18
20.3
20.68
21.14
21.73
21.9
22.61
23.17
23.47
23.77
23.88
24.29
24.73
25.16
25.27
25.46
25.65
26.03
26.22
26.39
26.61
26.85
27.45
27.69

Carbon #

MW

Name

11
12
15
13
15
16
15
14
16
16
14
16
16
17
16
15
17
17
18
15
17
17
16
18
18
19
16
18
19
19
18
20
17
19
19
19
17
19
21

200
214
256
228
256
270
256
242
270
270
240
270
270
284
270
256
284
284
298
254
284
284
270
298
298
312
268
298
312
312
298
326
284
312
312
312
282
312
340

C11:0
C12:0
2,6-dimethyl-13:0
C13:0
2,10-dimethyl-13:0
2,6,10-trimethyl-13:0
2-methyl-14:0
C14:0
2,6-dimethyl-14:0
2,8-dimethyl-14:0
C14:1n-5
2,10-dimethyl-14:0
4,8,12-trimethyl-13:0
2,6,10-trimethyl-14:0
2-methyl-15:0
C15:0
2,6-dimethyl-15:0
2,8-dimethyl-15:0
2,6,10-trimethyl-15:0
C15:1n-5
4,8-dimethyl-15:0
2-methyl-16:0
C16:0
2,6-dimethyl-16:0
2,10-dimethyl-16:0
2,6,10-trimethyl-16:0
C16:1
4,12-dimethyl-16:0
2,6,x-trimethyl-16:0
2,6,12-trimethyl-16:0
2,12-dimethyl-16:0
2,6-dimethyl-18:0
C17:0
2,6-dimethyl-17:0
2,10-dimethyl-17:0
4,8-dimethyl-17:0
C17:1n-7
4,12-dmethyl-17:0
2,6,10-trimethyl-18:0

Diagnostic
Ion
74
74
88
74
88
88
88
74
88
88
88
88
87
88
88
74
88
88
88
55
87
88
74
88
88
88
55
87
88
88
88
88
74
88
88
87
55
87
88
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Peak
number
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

Retention
Time
28.16
28.7
28.78
29.25
29.72
30.07
30.66
31.13
31.86
32.22
33.08
33.97
34.71
36.25
36.41
37.17
37.78
38.09
38.76
39.51
39.65
41.02
43.22
43.95
44.92

Carbon #

MW

Name

20
20
18
18
18
20
18
18
21
18
18
20
20
20
21
20
20
20
22
22
20
23
24
24
22

326
326
298
296
296
326
294
294
340
292
292
326
324
324
340
320
318
320
354
352
316
368
382
380
342

4,8,10-trimethyl-17:0
4,8-dimethyl-18:0
C18:0
C18:1n-9c
C18:1n-9t
4,14-dimethyl-18:0
C18:2n-6c
C18:2n-6t
4,8,12-trimethyl-18:0
C18:3n-6
C18:3n-3
C20:0
C20:1n-9
C20:2n-6
C21:0
C20:3n-6
C20:4n-6
C20:3n-3
C22:0
C22:1n-9
C20:5n-3
C23:0
C24:0
C24:1n-9
C22:6n-3

Diagnostic
Ion
87
87
74
55
55
87
67
67
87
79
79
74
55
67
74
67
79
79
74
55
79
74
74
55
91

Fig. S2. Chromatograms showing GC-MS analysis of preen oil fatty acid methyl ester sample
collected from a common moorhen. Description of peaks are detailed in Table S4.
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Table S5. Differences in percentage of fatty acid composition between female and male of
common moorhen (Gallinulla chloropus) preen oil from Navaseca Pond and Tablas de Daimiel
National Park.
Navaseca Pond
Female (34)

Fatty Acid

TDNP

Male (61)

Female (13)

Male (27)

Mean

S.E.

Max.

Mean

S.E.

Max.

Mean

S.E.

Max.

Mean

S.E.

Max.

SFA Straight-Chain

18

3.8

93

20

3.6

100

18

9.2

99

13

2.1

30

SFA Methyl-Branched

68

5.6

87

65

4.7

100

66

11

100

58

7.8

85

Total SFA

86

5.7

100

85

4.2

100

85

9.6

100

71

9.2

100

MUFA

4.4

0.7

11

6.3

1.3

52

4.2

1.5

13

5.4

0.9

11

PUFA

0.8

0.2

2.5

1.2

0.4

15

1.0

0.4

3.2

4.7

2.8

43

Total UFA

5.0

1.0

13

8.0

2.0

68

5.0

2.0

16

10

3.0

46

SFA: Saturated fatty acid, UFA: Unsaturated fatty acid, MUFA: Monounsaturated fatty acid,
PUFA: Polyunsaturated fatty acid.
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Fig. S3. Composition of fatty acids in the preen gland oil of common moorhens from Navaseca
Pond and Tablas de Daimiel National Park (TDNP). (A) Seasonal differences in the composition
of fatty acids were observed between Spring-Summer and Autumn-Winter. Fatty acids with
higher presence in Spring-Summer or Autumn-Winter are shown with red and green asterisks,
respectively. (B) Factors obtained with the Principal Component Analysis (PCA) of fatty acid
composition revealed the difference in the length of chains between seasons (values in the
arrows show the loadings of specific fatty acids in the PCA. (C) As observed in wax composition,
the seasonal shift in the fatty acid composition was more marked in TDNP than in Navaseca
Pond.
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Changes in biochemical and physiological
biomarkers of common moorhens: Evidences of
ecological traps driven by environmental
pollutants in areas influenced by wastewater

Jhon J. López-Perea and Rafael Mateo.
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Abstract
The use of biomarkers offers an opportunity to measure of the health status and fitness
of the individuals living in WWTP wetlands affected by sewage water. Here, we
evaluated changes and effects on the sex hormones, immune response, oxidative
balance and carotenoid-based ornaments of common moorhens from Navaseca Pond,
which receives the effluent of a WWTP and TDNP, which is less affected by urban
sewage. Plasma levels of sex hormones were lower in Navaseca Pond than in TDNP and
gender-related differences were less marked than in TDNP, this area exhibit a high
burden of toxic compounds with effects as endocrine disruptors. Moreover, moorhens
from Navaseca Pond have shown a higher bactericidal activity and haptoglobin levels
than in TDNP, which can be associated with a higher capacity to cope with pathogens
from sewage water. Birds from Navaseca Pond also showed a higher consumption of
circulating antioxidants and a greater activity of GPX, which could explain the lowest
lipid peroxidation exhibited. In addition, these birds exhibited a darker red of the bill,
and metal PCs had a negative effect on Hue or Chroma (red bill), which could mean an
investment of carotenoids and other antioxidant in maintaining health status at the
expense of ornamental coloration. That adverse effects on health status and fitness of
moorhens inhabiting WWTP wetlands can predispose to the creation of an ecological
trap if this ecosystem is preferred above less polluted ones.

Key words: Waterbirds, WWTP, Biomarkers, Environmental pollutants, Ecological trap.
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1. INTRODUCTION
The conservation of wetlands in the semi-arid region of Castilla-La Mancha
(Central Spain) can be seriously threatened under a scenario of increasing summer
temperatures and longer periods of drought that could even aggravate the already
present conflicts with other uses of water resources (Llamas, 1988; Martínez-Santos et
al., 2008). One strategy to alleviate this problem is the use of effluents of wastewater
treatment plants (WWTP) for maintenance of the wetlands (Cirujano and Medina, 2002;
Navarro et al., 2011). However, this solution is becoming in a new problem, because this
practice has led to the transformation of some temporary wetlands of the
Mediterranean region into eutrophic permanent lakes with very different ecological
characteristics than the original wetlands (Alvarez-Cobelas et al., 2001; Anza et al.,
2014). In addition, these wetlands receive chemical pollutants coming from urban and
industrial sources and also have a high prevalence of pathogenic bacteria and a frequent
occurrence of botulism outbreaks (Martinez Bueno et al 2012; Anza et al., 2014). On the
other hand, these eutrophic wetlands have a high productivity and this makes them very
attractive for waterbirds feeding on aquatic invertebrates, with the consequent risk of
becoming an ecological trap for them.
An ecological trap is defined as a situation in which organisms prefer a lowquality habitat over superior habitats (Battin, 2004; Robertson and Hutto, 2006). Some
researcher suggest that there are three evidences required in order to demonstrate the
existence of an ecological trap: (1) it is necessary to prove than animals choose a lowquality habitat over another with higher quality; (2) there must be a comparable
measure of the health status and/or fitness of the individuals for showing differences
among habitats; and (3) the health status or fitness of the individuals in the selected
habitat must be lower than in the individuals living in the non-preferred habitat
(Robertson and Hutto, 2006; Robertson et al., 2013). The second of these evidences
constitutes the goal for the development of this study. The measure of the health status
and fitness of the individuals living in WWTP wetlands affected by sewage water can be
carried out with the use of physiological and chemical biomarkers (Peakall and Walker,
1994; Walker, 1998).
In the wetland area of the Mancha Húmeda (Central Spain), we find wetlands
with different levels of affectation by the effluents of WWTP that can be used to test the
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hypothesis of the ecological trap driven by pollutants. Tablas de Daimiel Natural Park
(TDNP) and Navaseca Pond can be two extremes of a relatively pristine environment and
a wetland highly affected by sewage, respectively. Moreover, Navaseca Pond is wetland
where avian botulism outbreaks frequently occur and where avian pathogenic
Escherichia coli, Clostridium perfringens (Type A) and C. botulinum (Type C/D) have high
prevalence in water, sediment and waterbird faeces (Anza et al., 2014). Previous studies
have confirmed higher levels of organic pollutants (triazoles, PAHs, flame retardants,
alkylphenols, parabens and estrogenic activity) and heavy metals (Cr, Mn, Fe, Co, Ni, Cu,
Zn, Cd and Pb) in water and sediment from Navaseca Pond than in TDNP (Rivetti et al.,
2017, Chapter I). Moorhens (Gallinula chloropus) from Navaseca Pond also showed
higher levels of PCBs in blood in TDNP (Chapter II). On the other hand, TDNP sediment
has high levels of Se and 24.4% of moorhens in this wetland were above the threshold
value associated with Se toxicity in birds (Ohlendorf, 1986; Ohlendorf and Heinz, 2011).
Here we use the moorhen as an indicator species because it is mostly sedentary
and therefore it may be useful to reflect the contamination of the environment where
it lives. We hypothesize that moorhens from a wetland receiving directly the WWTP
effluent could result affected in their health status and/or fitness. Here, we evaluated
changes and effects on the sex hormones, immune response, oxidative balance and
carotenoid-based ornaments of common moorhens. The study of multiple biomarkers
can be an effective approach to the study the effects of complex mixture of abiotic
pollutants and biotic agents, as can be found in the treated sewage water, and where
the complete composition of noxious agents for birds is difficult to know.
2. MATERIALS AND METHODS
2.1. Study area
Samples were taken in two wetlands in Castilla-La Mancha (C Spain; Fig. 1). One
of these sites is floodplain of TDNP, located at the junction of Cigüela and Guadiana
rivers and with a maximum flooded surface of 2,000 ha. TDNP is declared a Biosphere
Reserve (MAB Programme, UNESCO), it is listed as a Wetland of International
Importance by the Ramsar Convention and it was recognised as a Special Protection
Area for Birds in 1988 (Directive 79/409/CEE). TDNP occasionally receives the input of
poorly treated wastewater from towns located upstream, but the levels of organic
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pollutants in water and sediment are low (Rivetti et al., 2017). The other study site is
Navaseca Pond (24.3 ha), which is located at 6.5 km from TDNP and only overflows into
Guadiana river during exceptional heavy rains. This wetland was a seasonal pond in the
past, but now it is permanently flooded and highly eutrophic because it receives the
effluents of the WWTP of Daimiel town (Anza et al., 2014).

Fig. 1. Study area in Tablas de Daimiel National Park and Navaseca Pond (Ciudad Real province,
Spain).

2.2. Bird sampling
The studied species was the common moorhen (Gallinula chloropus), which is a
medium-sized member of the family Rallidae with worldwide distribution in aquatic
environments with its relative and conspecific until recently G. galeata (i.e. North and
South America, Africa, Europe and Asia). It is 200-500 g of body weight, 30-38 cm of
length and 50-55 cm of wingspan. Moorhens are omnivorous; feed on different parts of
sedges, reeds, cattails, submerged plants, various sprouts, fruit and cereals. Food of
animal origin come predominantly from aquatic invertebrates, although it also feeds on
small vertebrates, garbage and even carrion (Taylor et al., 2018). The widespread
distribution of common moorhens, its sedentary habits and its omnivorous diet make
this species appropriate as bioindicator of pollution in wetlands. Birds trapping was done
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between October 2013 and March 2015, using funnel traps on the shore of the lake
where groups of moorhens usually feed. In total, 137 moorhens were captured and
marked with a metal ring, weighed, tarsus and wing length measured. Age (juvenile or
adult) was determined using plumage criteria (Baker, 1993) and the sex was determined
in whole blood with a conventional PCR (Phusion Blood Direct PCR Kit from Thermo
Scientific, see details in supplementary material). Blood from jugular vein (1 ml in
heparin) was taken and aliquots were separated for the analysis of biomarkers and
pollutants. The present work was focused in physiological and biochemical biomarkers,
but further work on heavy metal and organic pollutants are ongoing. The aliquot for
biomarkers was centrifuge during 10 minutes at 1200 g and plasma and red blood cells
were separated and stored to -80 ºC in microtubes until analysis. Moreover, preen gland
oil was collected using a cotton swab, which was gently massaged on the preen gland,
the samples were placed in previously weighted amber glass vials at -80 ºc until analysis.
The body condition of moorhens was calculated according to the Scaled Mass Index
(SMI) proposed by Peig and Green (2009) with wing length as a measure of body size.

2.3. Oxidative stress biomarkers and endogenous antioxidants
Oxidative stress indicators were measured in red blood cells (RBC) homogenates
with an automatic spectrophotometer analyser A25 (BioSystems, Barcelona, Spain)
following the methods described in Reglero et al. (2009). Total glutathione (GSH) and
oxidised glutathione (GSSG) levels and the proportion of GSSG with respect to the total
GSH present in samples were calculated. The activities of the glutathione peroxidase
(GPx) and superoxide dismutase (SOD) were measured using Ransel and Ransod kits
respectively and the enzyme activities were calculated relative to mg of protein
measured using the Bradford method to quantify total proteins in the homogenates
(Bradford, 1976). Lipid peroxidation was measured as levels of malondialdehyde (MDA)
in the RBC homogenates. MDA-tiobarbituric acid adducts were measured following
protocols previously described by Romero-Haro and Alonso-Alvarez (2014) with High
Performance Liquid Chromatography (HPLC) system coupled with a fluorescence
detector (FLD).
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2.4. Exogenous antioxidants
Levels of vitamin A (free retinol in alcoholic form), vitamin E (α-tocopherol) and
carotenoids (lutein) were determined in plasma and preen oil. From preen oil were
extracted adding 500 μL of hexane in the previously weighted amber glass vials which
contained the cotton swab. Then, 50 ml of a mixture of retinyl acetate (1.60 µM) and
tocopheryl acetate (1.04 mM), both in ethanol, were added as an internal standard. The
mixture was vortex, horizontally shaken and sonicated for 10 min and the solvent was
evaporated under N2, the dry extract was reconstituted in 400 µL of hexane and 100 µL
were used for chromatographic. Plasma extraction was described previously by
Rodríguez-Estival et al., (2010). Analysis was carried out by high performance liquid
chromatography (HPLC) coupled to fluorescence (FLD) and diode array detectors (DAD)
(Rodríguez-Estival et al., 2010).

2.5. Sexual hormones analysis
For the quantitative determination of sexual hormones testosterone and
estradiol concentrations in plasma, we used an enzyme-linked immunosorbent assay
commercial kits (DRG Instruments GmbH, Marburg, Germany). We obtained calibration
curves using the standards included in the kits and adjusting the obtained values to a
four-parameter logistic model with the software XLSTAT (Addinsoft SATL, Paris, France).

2.6. Carotenoid-based colouration
A digital photograph of the left side of the head and another photograph of the
left leg were made for each bird. Furthermore, a standard grey reference (Kodak colour
card) was always placed close to the bird to correct for variability in environmental light.
The camera was always used with standardized setting and placed in the same position.
We analysed the digital pictures using Adobe Photoshop version 2015.5.0. From each
picture, we measured the RGB components (the median intensity of Red, Green and
Blue components of pixels) of the red part bill (posterior part of the bill) and yellow part
bill (anterior part of the bill) separately and of the grey reference. Base on munsell colour
system the Hue, Chroma and Value were calculated from these data with use of the
algorithm described by Foley and Van Dam (1982). Hue is indicative of the perceived
colour, is the name of a colour (e.g., green, yellow, orange, red). Chroma is the degree
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of strength in a colour, it is indicative of colour saturation or intensity and Value is the
amount of light in a colour, it refers to the lightness or darkness of a colour (Nickerson,
1940). We calculated the component for both part of the bill separately, yellow part and
red part. To ease the interpretation of the results, Hue values are inversely related to
the red shift, low Hue values conventionally indicate high levels of redness, so with lower
values of Hue characterizing a more orange–yellow bill and greater values, a more
green–yellow bill. Similarly, in the red part, with lower values describing more redgarnet and greater values describing red–orange. Colour components of the grey
reference were used to standardize all colour measurements and correct for possible
differences in coloration between pictures (Alonso-Álvarez and Galván, 2011).

2.7. Immune function
2.7.1. Constitutive immune response
Provides the primary surveillance mechanism against pathogens, parasites,
foreign proteins. It consists of epithelial barriers, circulating phagocytes (primarily
neutrophils and macrophages), and other cytotoxic cells (e.g. natural killer (NK) cells), as
well as constitutive and inflammation induced serum proteins (e.g. complement
proteins and positive acute-phase proteins, respectively). We tested the constitutive
immune response using three different assay: haptoglobin levels, bactericidal assay and
phagocytic activity.

2.7.1.1. Haptoglobin levels
Haptoglobin is an acute phase protein that is found in the blood of a range of
animals, the plasma levels concentration increases in the event of an inflammatory
stimulus such as infection, injury or malignancy, whether local or systemic. We
calculated the concentration of haptoglobin in plasma using a colorimetric assay
(PhaseTMRange haptoglobin kit from Tridelta Development Ltd) that measures the
capacity of haptoglobin to bind heme and preserve its peroxidase activity at a low pH.
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2.7.1.2. Bactericidal assay
The assessment of intracellular bactericidal activity of leukocytes is an important
diagnostic study for inherited or acquired defects of phagocytic cell function. We
performed a bactericidal assay to measure bactericidal activity of fresh blood in vitro
(Vallverdú-Coll et al., 2015). For each assay the stock culture was diluted to produce a
working culture with 104 colony-forming units (CFU)/mL of living Escherichia coli. 60 μL
of each whole blood sample was diluted in 180 μL of medium (prepared with CO2independent media enriched with 5% complement-inactivated serum and 4 mM
glutamine), preheated at 37 ºC, in a sterile 1.5 mL Eppendorf tube. We added 24 μL of
E. coli working culture in each blood mixture and we incubated tubes at 37 ºC in constant
shaking for 30 minutes. We spread 100 μL of each tube onto petri dishes by duplicate,
and then covered plates with PCA (plate count agar) preheated at 46 ºC and moved
gently to spread the sample. Plates were incubated upside down at 37 ºC for 24 h, at
the end of which we counted the number of CFU. Controls without blood were prepared,
where the volume of blood was replaced by medium. For calculations of bactericidal
activity, CFU averages of the two plates from each sample were compared to CFU
measured in control plates.

2.7.1.3. Phagocytic activity using chemiluminescence
The activity of phagocytes release reactive oxygen species, which are highly
actives and react for killing pathogens to form exited, which then relax to their ground
state emit photons. This energy release is in the form of light, which can be measured
and quantified in a luminometer. Chemiluminescence (CL) is that light produced for
function of phagocytes oxygenating activity and this is used as a simple method of
assessing phagocytic function.
We measured phagocytic activity in fresh blood performing a whole-blood
chemiluminescence assay to assess the production of ROS by circulating phagocytes
(Vallverdú-Coll et al., 2015). Blood dilution, concentration of luminol and zymozan and
the incubation time was selected during a preliminary test after checking that samples
reached their CL peak at that specific time (Vallverdú-Coll et al., 2015). 1 mM working
solution of the light enhancer luminol (3-aminophthalhydrazide, 98%, Alfa Aesar,
Germany) was prepared in Hank’s Balanced Salt Solution (HBSS) and stored at -80 ºC. 20
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mg/mL of zymosan A from Saccharomyces cerevisiae (Sigma, Germany) was the working
solution. Zymosan A contains some substances that are recognized by the complement
receptor III complex, which plays an important role in regulating phagocyte migration
and activation. Blood aliquots of 17 μL were diluted in 230.5 μL of HBSS and added to
plastic lumivials (Berthold Technologies). We added 2.5 μL of the zymosan a working
solution to the diluted blood samples, and 250 μL of luminol 1 mM. We run a blank
duplicate of each sample replacing the volume corresponding to zymosan A by HBSS.
The final reaction volume in each vial was 500 μL. We incubated lumivials at 37 ºC for 3
h and determined the CL of each sample and its blank with a luminometer (Lumat3 LB
9508, Berthold Technologies). The phagocytic activity of each sample was calculated as
the difference in CL between the sample and its blank.

2.7.2. Induced immune response
Function depends on the recognition of antigen either by antibody produced by
class one T-helper cells (Th1) and cytotoxic T-lymphocytes (CTL). They can recognize and
destroy infected host cells. Memory T-cells develop and persist after primary stimulation
to allow a more rapid response on subsequent exposure to the same antigen. We tested
the induced immune response using PHA skin test.

2.7.2.1. PHA skin test
Phytohemagglutinin (PHA) is an extract of Phaseolus beans which agglutinates
red blood cells and transforms lymphocytes into large primitive cells. Lymphocyte
transformation with PHA correlates with the capacity to manifest delayed type
hypersensitivity in vivo. Normal subjects respond, without prior sensitization to an initial
intradermal injection of PHA with erythema and induration at 24 hours and a histologic
picture of perivascular infiltration of mononuclear cells characteristic of cutaneous
delayed hypersensitivity. We used a micrometre (Mitutoyo Absolut 547-401) to the
nearest 0.001 mm to measure the thickness of the patagium of the right wing. Then, we
injected 50 µL of PHA in phosphate buffered saline (PBS) (5 mg/mL dilution). After 24 h,
we measured again the patagium thickness, estimating the intensity of cell-mediated
response subtracting the thickness produced by PHA injection.
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2.8. Statistical analysis
Non-detected values were set to half the limit of detection (LOD) and data were
normalized prior to analysis by logarithmic transformations. For pollutants, we used
data from work on heavy metals and metalloids and persistent organic pollutants that
will be published elsewhere (Table S1). Heavy metals and metalloids were applied a
factor reduction by Principal Component Analysis (PCA) and three factors were selected
for the analysis (Table S2) and levels of organic pollutants were transformed in
categorical variables because a lot of values under LOD, so number 1 was assigned for
positive value and 0 for negative. For biomarkers, we tested whether sex hormones,
immune function, antioxidants and oxidative stress and carotenoid-based colouration
differed among study areas and between sexes, age and year of sampling in each tissue:
blood and preen oil. Analyses involved generalized linear models (GLM) using the levels
of each biomarkers as a response variable and the other variables listed above as
predictors (sex, age, year, season, zone, SMI). Separate tests were performed for each
element. Interactions and associations between biomarkers were performed by GLMs,
using each biomarkers as a response variable and the other one as a predictors. The
effects of pollutants were tested including the three factor form PCA of metals and
persistent organic pollutants as a covariate, study areas, sexes, age and season of
sampling as a factors and each biomarkers as a response variable in GLMs. Statistical
analyses were performed with IBM SPSS Statistics v. 22. Significance of all tests was
established at p<0.05.
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Table 1. Sex hormones and biomarkers of immune function in common moorhens from Navaseca Pond and Tablas de Daimiel National Park (TDNP).

Navaseca Pond

Parameter

TDNP

N

Mean

SE

N

Mean

SE

94

302

4 38

309

5

Female

28

33.4

9.7

4

104.6†

49.0

Male

41

32.8

5.3 13

60.4

18.3

Female

28

56.1

14.7

92.6*

4.2

Male

41

60.9

10.4 13

Phagocytosis (URL)

19

682

181

Haptoglobin (mg/mL)

49

Bactericide test (CFU E. coli)

19

PHA (mm)

19

Generalized Linear Models

Body condition
Scaled mass index (SMI)

NS

Plasma sex hormones
Estradiol (pg/mL)

Testosterone (ng/mL)

4

174.5 104.7

Zone (↑TDNP, p=0.11); Metal-PC3 (+, p=0.002)

Age (↑adults; p<0.001); SMI (+, p=0.020)

Immune function
7

0.630* 0.059 30
51.0

12.4

7

0.366 0.045

7

701

234

0.454 0.020
153.8*

37.9

0.503 0.089

NS
Zone (↑Navaseca, p=0.030); SMI (-, p=0.025)
Zone (↑Navaseca, p<0.001); Metal-PC3 (-, 0.088)
Sex (↑male, p=0.041); Metal-PC1 (+, p<0.001); DDE (-, p=0.021)
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3. RESULTS

3.1. Sex hormones
Moorhens in Navaseca Pond showed relatively lower levels of sex steroids and the
differences by gender were less marked than in TDNP (Fig. 2). Plasma estradiol levels
were significantly lower in Navaseca and were positively associated with metal-PC3
(positive loadings of Ni, Co, As loadings) (Table 1, Fig S1). Moreover, testosterone levels
were higher in adults than in juveniles and were positively associated with SMI (Table
1).

Fig. 2. Sex hormones ((a) estradiol and (b) testosterone) and the differences by gender in
moorhens from Navaseca Pond and Tablas de Daimiel National Park (TDNP).

3.2. Immune function
Moorhens form Navaseca Pond showed higher levels of haptoglobin in plasma and
higher bactericide activity (lower numbers of CFU) than birds from TDNP (Table 1). No
differences in phagocytic activity were observed between the study areas. These
parameters of the constitutive immune function were not affected by season, sex or
age, but haptoglobin levels were negatively related with SMI. In contrast to the
constitutive immune function, moorhens from Navaseca Pond showed the lowest
induced response determined by PHA test skin, as well as female showed the lowest
induced response and this was positively associated with metal-PC1 (positive loadings
of Zn, Cu, Mn) and negatively with p,p’-DDE (Table 1; Fig S1).
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Table 2. Antioxidants and oxidative stress biomarkers in blood and plasma of common moorhens from Navaseca Pond and Tablas de Daimiel National Park
(TDNP).

Parameter

Navaseca
Pond
(n=88)

TDNP
(n=36)

Mean

SE

5.34
17.5
2.70

0.38
1.0
0.17

8.68* 0.77
22.9* 1.70
3.44 0.35

Zone (↑TDNP, P<0.001); Season (↑Spring, p=0.001); PCBs (+, p=0.007); SMI (+, p=0.019)
Season (↓winter, p<0.001); PCBs (-, p=0.006)
Season (↓winter, p=0.001); PCBs (-, p<0.001)

0.15
0.77

0.07
0.05

0.40
0.70

PCBs (+, p<0.001); Metal-PC2 (-, p=0.050)
Metal-PC1 (-, p=0.020)

SOD (IU/mg prot)

1.79

0.08

2.47* 0.20

GPX (U/mg prot)

0.23*

0.02

0.15

GSH (µmol/g)
GSSG (µmol/g)
GSSG:GSH
MDA (nmol/g)

4.84
1.22
0.28
90.6

0.12 4.83
0.10 1.25
0.04 0.26
3.30 106.5*

Plasma
Retinol (nmol/ml)
α-tocopherol (nmol/ml)
Lutein (nmol/ml)
Uropygial gland secretion
Retinol (nmol/g)
α-tocopherol (nmol/g)
Red blood cells

Mean

Generalized Linear Models

SE

0.19
0.08

0.01
0.18
0.20
0.04
7.30

Zone (↑TDNP , p=0.001); Season (↑spring, p<0.001)
Age (↓adults, p<0.001); Metal-PC2 (+, p=0.031); Metal-PC3 (+, p<0.001); DDE (-, 0.054); SMI (-,
p=0.018)
Age (↓adults, p<0.018); Metal-PC1 (-, p=0.015)
Metal-PC3 (+, p=0.008)
Metal-PC3 (+, p=0.021)
Season (↓winter, p=0.038); Metal-PC2 (-, p=0.015)
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3.3. Antioxidants and oxidative stress biomarkers
The retinol and α-tocopherol levels in plasma were higher in TDNP than in
Navaseca Pond and a similar non-significant trend was observed for lutein (Table 2). In
the case of retinol this difference remained significant after including pollutants in the
model, being also significant a positive relationship with ∑PCBs in blood and SMI (Table
2, Fig S1). α-Tocopherol and lutein levels were negatively associated with ∑PCBs levels.
In the uropygial secretion, retinol levels were positively associated with ∑PCBs in blood,
and tocopherol levels were negatively associated with metal-PC1 (Table 2, Fig. S1). Blood
SOD activity was higher in birds from TDNP than birds from Navaseca Pond, while the
opposite trend was found for GPX. In the models including pollutants as covariates, GPX
activity was positively associated with metal-PC2 (positive loadings of Cr and Mo and a
negative loading of Hg) and PC3; and negatively with SMI (Table 2; Fig. S1). Blood tGSH
levels were negatively associated with elemental PC1 (Table 2; Fig. S1).

Fig. 3. Retinol (a) and α-tocopherol levels (b) in plasma and SOD (c) and GPX activities (d) in redblood cells (RBC) of moorhens from Navaseca Pond and Tablas de Daimiel National Park (TDNP).
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In relation to the oxidative stress indicators, common moorhens showed higher
levels of lipid peroxidation (MDA) in TDNP than in Navaseca Pond, and this was
negatively associated with metal-PC2 and oxGSH was positively associated to metal-PC3
when pollutants were included as covariates (Table 2; Fig S1). Seasonal variations were
observed in the measured level of retinol, tocopherol and lutein in plasma (lowest in
autumn or winter) and SOD in RBC (highest in spring; Fig. 3a-3c; Table 2). Age of birds
also influenced some antioxidants; juveniles showed higher levels of tGSH and GPX than
adults (Fig. 3d; Table 2). No differences were observed by sex of birds.

3.4. Carotenoid-based coloration
The Value (lightness) of the anterior part of the bill (yellow colour) varied in relation
to study area, being slightly higher in TDNP than Navaseca pond, moreover it was
negatively associated with SMI of the birds (Table 3). The Hue of posterior part of the
bill (red colour) of the moorhens did not display differences between analysed factors,
but the levels were negatively associated with metal-PC2 and metal-PC3 (Table 3). In the
case of the red bill, Hue and Chroma levels were lower (darker red or even garnet) in
Navaseca pond than TDNP (Fig. 4), but the effects did not remain to include the
pollutants in the model. In addition, Chroma of the red part of bill also was higher in
spring than winter and autumn, higher in female than male (female with a trend to
orange and darker red in males) and the levels were negatively associated to metal-PC3
(Table 3).

Fig. 4. Colouration (Hue) of the red part of the bill of moorhens from Navaseca Pond and Tablas
de Daimiel National Park (TDNP).
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Table 3. Carotenoid-based ornaments included the coloration parameters of yellow and red bill of common moorhens from Navaseca Pond and Tablas de
Daimiel National Park (TDNP).

Navaseca Pond (n=38) TDNP (n=12)
Parameters

Yellow bill Hue

Red bill

Generalized Linear Models
Mean

SE

Mean

56.13

0.5

54.42

SE
0.4 NS

Chroma

59.46%

1.6% 58.50% 2.2% NS

Value

75.74%

1.9% 83.08% 2.7% Zone (↑TDNP , p=0.066); SMI (-, p=0.048)

Hue

21.14

1.1

25.60

2.1 Metal-PC2 (- , p=0.039); Metal-PC3 (-, p=0.045); Grey Ref. (-, p=0.089)

Chroma

42.10%

2.5% 44.92% 6.3% Season (↑Spring, p<0.032); Sex (↑F, p=0.036); Metal-PC3 (-, p=0.002)

Value

49.77%

2.2% 57.25% 4.2% NS
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3.5.

Interactions between biomarkers
The studied antioxidants and vitamins may stimulate the immune function and help

in the fight against oxidative stress and the protection of carotenoid-based coloration.
Regarding the immune response, plasma retinol levels had a positive association with
the phagocytic capacity (p=0.001; Fig. 5a) and the cell response to PHA (p=0.002; Fig.
5b), but a negative association with haptoglobin levels (p=0.027; Fig. 5c). Lipid
peroxidation in moorhens was associated negatively with GPX activity (p=0.013; Fig. 6a)
and positively with α-tocopherol levels (p=0.009; Fig. 6b). The percentage of oxidised
glutathione was negatively related to total GSH levels (p=0.001). Differences in the Hue
of the yellow part of the bill was positively associated with the plasma levels of estradiol
(p<0.001; Fig. 7a), while Value was positively associated with GPX activity (p=0.039) and
plasma levels of estradiol (p=0.012). Variations on Chroma scale of the red part of the
bill was also positively related to SOD activity (p<0.001) and negatively to phagocytic
capacity (p=0.009; Fig. 7b) and Value was also positively associated to SOD activity
(p=0.017) and negatively to GPX activity (p=0.030).

Fig. 5. Relationships between plasma retinol levels and three variables of the immune function
((a) phagocytic activity, (b) cell response to PHA and (c) haptoglobin levels) in moorhens from
Navaseca Pond and Tablas de Daimiel National Park (TDNP).
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Fig. 6. Relationships between lipid peroxidation in red-blood cells GPX activity (a) or plasma αtocopherol levels (b) in moorhens from Navaseca Pond and Tablas de Daimiel National Park
(TDNP).

Fig. 7. Relationship between Hue of the yellow part of the bill and estradiol (a) and between
Chroma of the red part of the bill and the phagocytic activity (b) in moorhens from Navaseca
Pond and Tablas de Daimiel National Park (TDNP).

4. DISCUSSION
The biomarker approach can be useful to study the stressors affecting the birds from
environments where they are exposed to complex mixtures of abiotic pollutants and
biotic agents, as can be the treated sewage water. Here we found evidences of
endocrine disruption in moorhens from Navaseca Pond, as shown by lower levels of sex
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hormones and less marked differences between males and females in the levels of these
hormones. Moreover, moorhens from Navaseca Pond have shown a higher bactericidal
activity and haptoglobin levels than in TDNP, which can be associated with a higher
capacity to cope with pathogens from sewage water. This was accompanied by an
increased oxidative stress denoted by lower antioxidant levels, as well as a darker
carotenoid-based red bill colouration.
Previous studies have shown that Navaseca Pond receives a wide range of
contaminants through the effluent of a WWTP (Rivetti et al. 2017) and it accumulates
higher levels of heavy metals in sediments than TDNP (Chapter I). Moorhens from
Navaseca Pond have shown higher blood levels of PCBs (Chapter II), but the levels of
heavy metals and metalloids in blood and feathers in this area have been similar to the
levels found in moorhens from TDND, or even lower in the case of Hg and Se (Chapter
I).

4.1.

Sex hormones

Navaseca Pond has a direct input of the effluent from a WWTP with a high burden
of toxic compounds with effects as endocrine disruptors (Rivetti et al. 2017). Moorhens
from Navaseca Pond showed lower levels of sex hormones in plasma, and genderrelated differences were much less marked than in TDNP. In another study (Chapter II)
we also found evidences of endocrine disruption in the moorhens from Navaseca Pond
because the seasonal changes in the preen oil composition were diminished in Navaseca
Pond. Recently, Rivetti et al. (2017) using two recombinant yeast assays found higher
estrogenic activity in water samples from Navaseca Pond compared with samples from
TDNP, in addition Navaseca had the greatest levels of triazoles, PAHs, flame retardants,
alkylphenols and parabens. This reduction in levels of sex hormones in moorhens from
Navaseca Pond was also associated with the lower body condition in this wetland, as
found in other toxicological studies with birds (López-Antia et al., 2015a). Relationships
between different types of chemical pollutants and sex hormone levels have been
widely studied in birds (Colborn et al., 1993; Tyler et al., 1998; Iavicoli et al., 2009). In
the present study, plasma levels of estradiol was positively associated with Metal-PC3,
determined be positive loading of NI, Co, As. Effects and specific mechanisms of toxicity
on sex hormones by most of these elements remain poorly known, but As has been
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associated with changes in the gene transcription mediated by estrogen, androgen and
progesterone receptors in human and wildlife (Bodwell et al., 2006; Davey et al., 2007;
2008; Iavicoli et al., 2009); and estrogenic effects of As are known due to its binding to
estrogen receptors (Jana et al. 2006).

4.2.

Immune function

Moorhens from Navaseca Pond showed higher levels of haptoglobin, which is an
acute phase protein with antimicrobial action that may be elevated during inflammatory
and infectious processes (Vermeulen et al., 2016). Navaseca birds also showed a
tendency to have a higher bactericidal activity (E. coli growth inhibition test), which
could be also interpreted as a response to an environment with a higher pathogen load
(Keusch et al., 1975; Millet et al., 2007), and may be also associated to the higher
haptoglobin levels observed in Navaseca Pond. However, although not significantly,
Navaseca birds showed a slightly lower cellular response to PHA than birds from TDNP,
probably because the lower body condition in Navaseca moorhens reduced their
capacity to produce this energetic costly response (Lee, 2006). Moreover, cellular
response to PHA was found to be negatively associated with p,p'-DDE concentrations in
blood. The immunotoxicity of OC´s has been well stablished in field and lab studies.
Some known effects include T-lymphocyte suppression, thymic atrophy, cell-mediated
cytotoxicity and delayed-type hypersensitivity reactions (Grasman, 2002; Fairbrother et
al., 2004). Similarly to our study, PHA skin response of Caspian tern was found decreased
when PCBs and p,p'-DDE were increased (Grasman et al., 1996; Grasman and Fox, 2001).
Higher concentration of p,p'-DDE in moorhens from Navaseca Pond could explain in part
his lower cellular response to PHA in comparison with birds from TDNP, but considering
the low levels of this DDT-metabolite, this could be also secondary to the lower body
condition of Navaseca moorhens.

4.3.

Antioxidants and oxidative stress biomarkers

Differences in the levels of endogenous and exogenous antioxidants in moorhens
from Navaseca respect to TDND can respond to differences in the oxidative stress
caused by biotic and abiotic pollutants from sewage water. Navaseca moorhens
exhibited a lower activity of the SOD, which is the first line of antioxidant defence against
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superoxide anion (O2-). This decrease in SOD activity can result from the enzyme
depletion or oxidative oxidation under conditions of oxidative stress (Knight, 2000). On
the contrary, GPX activity was higher in moorhens from Navaseca, which may be
overexpressed to compensate the decrease of SOD activity. These two enzymes can act
together to mitigate or prevent the harmful effects of free radicals, with SOD converting
O2- into H2O2, which is later transformed into H2O by GPX with GSH as a reducing
substrate (Knight, 2000; Banerjee et al., 2001).
Exogenous antioxidants present in plasma (retinol and α-tocopherol) were also
observed in lower levels in moorhens from Navaseca Pond. However, the birds in this
pond exhibited lowest level of lipid peroxidation (MDA) in their blood, a priori more
exposed to contamination (Anza et al., 2014; Rivetti et al., 2017). These findings
considered together can be the result of the depletion of antioxidants and the
overexpression of GPX to prevent the oxidative effects of free radicals and the
production of lipid peroxides. Changes on antioxidant defence in wild birds inhabiting in
polluted environments have been also described in other studies (Isaksson, 2010;
Fenstad et al., 2016). The study of different antioxidants and biomarkers of oxidative
stress permits to have a better picture of the prooxidant effects of pollutants. This may
be especially relevant when the chronic exposure to stressors is leading to adaptive
overexpression of the antioxidant response to tolerate oxidative stress (Costantini and
Verhulst, 2009; Galván et al., 2014).
Oxidative stress biomarkers can be altered by exposure to both persistent organic
pollutants and heavy metals, but also by other chemical compounds, algae toxins and
pathogens. An interesting relationship between concentrations of PCBs and exogenous
antioxidant was found (negative with plasma lutein and α-tocopherol, but positive with
plasma and preen oil retinol levels), which may respond to a trade-off between some
antioxidants and retinol. Vitamin A is not only involved in antioxidant functions, it also
has important roles in the developing nervous system and many other embryonic
structures, as well as in maintenance of epithelial surfaces, immune competence, and
reproduction (Stephensen, 2001; Blomhoff and Blomhoff, 2006). This increase in plasma
retinol levels as a response to chemical pollutants has been also described in red-legged
partridge exposed to thiram and lead (López-Antia et al., 2015b; Vallverdú-Coll et al.,
2016).
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Regarding to the effects of metal, it has been demonstrated that toxic metals and
some essential metals (Se, Cr, Zn, Ni, Zn, Cu and Fe) are able to induce the formation of
reactive oxygen species (ROS; Valko et al., 2005; Espín et al., 2014). We found a positive
relationship between mercury levels and lipid peroxidation and negative between this
metal and GPX activity. The high affinity of mercuric ions for binding to thiols suggests
that following depletion of intracellular thiols, either directly or indirectly, causes or
predisposes to oxidative stress (Valko et al., 2005). Studies in rats have demonstrated
that the administration of mercury as Hg (II) resulted in enzymatic depletion and
increased formation of H2O2 and lipid peroxidation in kidney (Lund et al., 1991; 1993).
Zn, Cu and Mn showed a negative relationship with tGSH. These three essential
elements are redox inert metals and do participate in enzymatic antioxidant complex
(Fridovich, 1975; Bray and Bettger, 1990), so this finding may be the result of the
compensatory balance between antioxidants. oxGSH levels were positively correlated
with blood nickel, cobalt and arsenic concentration, which may be indicative of metalinduced stress, as reported in other birds (Rainio et al., 2013; de la Casa-Resino et al.,
2015).

4.4.

Carotenoid-based coloration
The component of colour analysed in moorhens display some remarkable

differences, mainly in the red part of the bill. Darker red (even garnet; lower Hue level)
of the bill of moorhens form Navaseca Pond could be interpreted as a higher deposition
of the redder carotenoid pigments (García-de Blas et al., 2014) or even melanin (Griffith
et al., 2006) like in other bird species. The association between metal PCs and Hue or
Chroma (red bill) was always negative, which could mean an investment of carotenoids
and other antioxidant in maintaining health status at the expense of ornamental
coloration as found with other chemicals (López-Antia et al., 2015a;; Vallverdú-Coll et
al., 2015). Colour components in the yellow part of the bill did not differ between
locations, but the Value (lightness) was negatively associate to body condition.
Carotenoid-based ornamentation is dependent on body condition and also very
sensitive to changes in the sex steroid hormones, immunological status and oxidative
stress of animals (Alonso-Alvarez et al., 2008; Mougeot et al., 2009).
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4.5.

Interactions between biomarkers

The plasma retinol level was associated with higher immune response, both
constitutive and induced. The positive relation between level of retinol of moorhens and
phagocytic capacity and cellular response to PHA can be expected, because the wellknown role of this vitamin on immune functions (Blomhoff et al., 2006; Stephensen,
2001; Duriancik et al., 2010). Retinol participates in the macrophages and neutrophil
development, is required for adaptive immunity and plays a role in the development of
both T-helper (Th) cells and B-cells, in particular antibody-mediated responses directed
by Th2 cells and some aspects of Th1-mediated immunity (Stephensen, 2001). On the
other hands, the negative association of retinol with plasma levels of haptoglobin may
be because this vitamin is more involved in cellular-mediated response than that protein
(Duriancik et al., 2010).
The negative relationship between lipid peroxidation and GPX activity, especially
due to Navaseca birds, can be clear indication of the adaptation of the antioxidant
defence of the organism against polluted environments. GPX in an antioxidant enzyme
that fights hydrogen peroxide, but also have a specific function on repairing the
oxidative damage in lipids (Sies, 1997; López-Barea, 2000). On the other hand, αtocopherol is the most important lipid-soluble antioxidant and great inhibitors of
peroxidation reactions (Sies, 1986), and the use or depletion of this antioxidant can have
the same consequence than GPX induction on lipid peroxidation.
Sex steroid hormone levels are parameters associated with the expression of
ornamental traits and courtship (Mougeot et al., 2009). Regarding to carotenoid-based
colouration, there has been a positive association of estradiol and Hue component
(inversely related to the red shift) of the yellow part of the bill. This means a trend to
green-yellow colouration that in males of other waterbirds is less preferred by females
mates (Omland, 1996). On the contrary, testosterone levels in other birds are associated
with the generation of more orange-yellow ornaments (Pérez-Rodriguez et al., 2006;
Alonso-Alvarez et al., 2009). The negative relationship between Chroma (colour purity
and intensity) of the red part of the bill and the phagocytic activity of moorhens suggests
that birds prioritized keeping circulating carotenoid levels on health maintenance at the
expense of carotenoid-based ornamentation (Alonso-Alvarez et al., 2008). Similar
negative association between coloration and phagocytic activity was found in red136
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legged partridge exposed to sub-lethal concentration of lead (Vallverdú-Coll et al.,
2015).

5. CONCLUSIONS
The results obtained allowed us to observe differences in several biochemical and
physiological biomarkers, influenced by the exposure to different types of pollutants
between a wetland receiving directly effluent from WWTP and the TDNP. Birds in these
wetlands supplied with treated wastewater may have higher levels of urban and
industrial pollutants (PCBs, some heavy metals and many other contaminants not
studied here). Moorhens in this polluted environment showed less gender-related
variation in sex hormone levels; higher expression of constitutive immunity that would
indicate a higher baseline defence level in these contaminated wetlands; and lower
levels of several circulating dietary antioxidants accompanied with the increased activity
of antioxidant enzymes to cope with oxidative stress caused by the biotic and abiotic
pollution present in these discharges. Finally, we conclude that adverse effects on health
status and fitness of moorhens inhabiting WWTP wetlands can predispose to the
creation of an ecological trap if this ecosystem is preferred above less polluted ones.
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Supplementary material
Materials and methods
Sex determination of common moorhens
The discovery of the CHD genes on the W and Z sex chromosomes, has opened new
possibilities for molecular sexing of birds. The heterogametic sex (females) carries CHD1Z and CHD1-W whereas homogametic sex (males) carries just CHD1-Z (Ellegren 1996).
We used a new forward primer P8 (5´ CTCCCAAGGATGAGRAAYTG 3´), which in
conjunction with the reverse M5 (5´ YTYMCTTCAYTTCCATTAAAGC 3´) design by Bantock
et al., (2008) for common moorhens, would amplify a region of the CHD genes for
determination of sex. The moorhens sexing was determined in whole blood with
commercial Phusion Blood Direct PCR Kit (from Thermo Scientific) in a conventional PCR
in a reaction volume of 10 µl (0.2 µl of sample + 9.8 µl of PCR mixture). PCR mixture
contained H2O Milli Q (3.3 µl), 10 µM of forward and reverse primers (0.5 µl each),
phusion blood PCR buffer 2x (5.3 µl) and phusion blood II DNA polymerase (0.2 µl). PCR
was initiated with a cell lysis at 98 ºC for 4 min, followed for a stage of denaturation,
alignment and extension by 40 cycles of 98 ºC 1 s, 54 ºC 6 s, 72 ºC 20 s and final banding
at 72 ºC 1 min. PCR products were separated on a 2% agarose gel to display the banding
patterns. After PCR process, we centrifuged the samples at 9300 g for 2 min. The
supernatant (around 8 µl) was transferred to other microtube and 2 µl of charge buffer
(orange G) was added. 4 µl of this mixture and molecular weight markers were charged
in the agarose gel and the electrophoresis was set up at 80 V. Gel electrophoresis of PCR
products showed two bands for ZW (female genotype), and one band for ZZ (male
genotype) (Image 1).
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Image 1. Electrophoresis of PCR products from common moorhens demonstrated of presence of two
bands for females and one band for males.
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Fig. S1. Relationships between the studied biomarkers and pollutants (organochlorines and metals) in moorhens from in moorhens from Navaseca Pond and Tablas de Daimiel
National Park (TDNP).
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Abstract
Anticoagulant rodenticides (ARs) are currently the most common pesticides and
biocides used to control rodents. The long-term persistence in animal tissues of the
second-generation compounds (SGARs) causes their bioaccumulation in predatory
species. In this chapter, we evaluate some of the key parameters that are likely to
determine bioaccumulation and risk in wildlife from secondary exposure to ARs, review
wildlife field monitoring studies from around the world to assess the scale of that
exposure, and examine the current state of knowledge as to how secondary exposure
relates to risk of mortality and other adverse effects in wildlife and in humans. Using a
simple modelling approach and information from the published literature, we conclude
that excretion rate is key in determining the extent of bioaccumulation and resultant
risk in wildlife from secondary exposure to SGARs. We also find that secondary exposure
in predators is widespread and wide scale throughout the world, and may be greatest in
predatory mammals that specialize on feeding on rodents. The extent of secondary
[lethal and sub-lethal] poisoning that results is unclear. This is largely because
unequivocal diagnosis of AR-mediated mortalities is not easy to determine from
necropsy and there is no clear threshold residue that is diagnostic of effect, although
recent development of probabilistic modelling of residue data may help in the future.
We recommend that the direct consequences for predators from AR exposure, and the
potential consequent impacts on the top-down regulation of rodent populations,
deserve greater study.
Keywords: Rodenticide; Ecotoxicology; Bioaccumulation; Bird; Mammal; Poisoning;
Food safety
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1. THE ORIGIN: RODENT-HUMAN CONFLICT
Rodents are the most important group of mammals in number of taxa with
around 2000 species which are widely distributed across the world (Table 1; Wilson and
Reeder, 2005; Singleton et al., 2010). As usually occurs with species considered
problematic, competition for food resources is the basis of the conflict between humans
and rodents. Additionally, rodents are reservoirs of organisms that cause diseases in
humans (i.e. zoonosis) and livestock, so the negative perception of rodents is very well
entrenched in our society (Zamorano et al., 1988; Singleton et al., 2003; Stenseth et al.,
2003).
Humankind’s ongoing struggle with competitors, in this case rodent species, is a
long story of adaptation and development of techniques to prevail in the conflict. The
most recent tool to solve this conflict was the development of chemical poisons that act
with a sufficient time delay to reduce the likelihood that rodents would associate eating
the poison with sickness. This delayed mode of action thereby eliminated the potential
development for learned aversion and resultant avoidance of bait. However, this group
of poisons, the anticoagulant rodenticides (ARs), also have potential to cause collateral
damage. Their capacity to bioaccumulate in animal tissues and high acute toxicity can
result in the death of the natural predators of rodents, and so poisoning campaigns can
also impact, and even potentially extirpate, our natural allies in this battle against
rodents (Elliott et al., 2016).
Table 1. Number of rodent species and species producing damage in crops in the world.
Continents

N° of rodents

Rodent species

References

species

damaging crops

Africa

381

77

Singleton et al., 2010

Asia

418

65

Singleton et al., 2010

Australia

67

7

Singleton et al., 2010

Europe

61

16

Singleton et al., 2010

North America

206

>30

Hafner et al., 1998; Singleton et al., 2010

Middle and

593

33

Wilson and Reeder, 2005; Buckle and Smith, 2015

South America

Recent studies around the world have demonstrated the widespread exposure
of predators and other non-target species to ARs (Berny et al., 1997; Shore et al., 2003;
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Albert et al., 2010; Murray, 2011; Sánchez-Barbudo et al., 2012). The risk of exposure to
ARs in predatory species is closely associated with the consumption of prey (typically
rodents) that are the primary target of control operations (Merson et al., 1984; Alterio
et al., 1997; Birks, 1998; Alterio and Moller, 2000). Exposure is, in fact, highly probable
in predators for which target rodents are key prey species. Consequently, poisoning
campaigns with ARs will often lead to the contamination of predators. Moreover, rodent
populations, and populations of other prey species, are frequently subject to strong
temporal fluctuations related to inter-annual cycles and/or to the reproductive season
(Table 2). These fluctuations have been typically associated with several factors: food,
weather, synchrony and also predation (Krebs and Myers, 1974; Singleton et al., 2001;
Cavia et al., 2009). Some predators, diurnal and nocturnal birds of prey (such as pallid
harrier Circus macrourus and short-eared owl Asio flammeus) in particular, are adapted
to profit from demographic cycles of prey (Hanski and Korpimäki, 1995; Korpimaki and
Norrdahi, 1998; Terraube et al., 2011) and gravitate towards geographic areas where
rodent population peaks occur. As a result, they may be at particular risk of exposure if
ARs are used to control peaks in rodent populations.
Table 2. Summary of the key characteristics of outbreaks and population cycles of vole, house
mouse, and black rat.
Characteristic
Periodicity (years)

Voles

a

House mouse

b

Black rat

c

3-5

4-8

Annual

50-500

100-2000+

Up to 1000

Yes

None reported

None reported

Yes

Yes

Yes

Yes

Yes

Yes

Changes in litter size

Yes

Yes

Yes

Changes in body condition

Yes

Yes

Yes

Predation

Not known

Not known

Density during outbreaks
(individuals per ha)
Temporal synchrony with other
species
Changes in length of reproductive
season
Changes in proportion of
pregnant females

Most important mortality factor
a

Information on voles from Hanski et al. (1991, 1993);

b
c

Information on house mouse from Singleton et al. (2001);

Information on black rat from Figala (1964); Marsh (1994); Stenseth et al. (2003)
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2. SCENARIOS OF EXPOSURE
We can identify two different scenarios to explain how predators can become
exposed to rodenticides: (1) predators living and feeding around urban or agricultural
areas where the use of ARs against commensal rodents is continuous and (2) predators
from farmland areas where the type of crop (e.g. intensive production of vegetables or
fruits) or the presence of rodent population cycles (e.g. voles of genus Microtus or
Arvicola) lead to the periodic intensive use of ARs. There are other specific scenarios
(e.g. rodenticide treatments in islands to protect seabirds colonies from rats – Alterio et
al., 1997; Alterio and Moller, 2000; Mayol et al., 2012), but these are less common.
Although many rodent species can live in natural or farmland ecosystems, some
of them prefer urban areas, and this generates some differences in their demographic
fluctuations in comparison with populations in natural environments (Singleton et al.,
2003; Korpimäki et al., 2004). In particular, three species with worldwide distributions
are responsible for the majority of conflicts with humans because of their adaptation to
anthropogenic environments; these are the Norway or brown rat (Rattus norvegicus),
the roof or black rat (Rattus rattus) and the house mouse (Mus musculus) (Castillo et al.,
2003; Pocock et al., 2004). Rat and mouse outbreaks occur at intervals of 4–8 years, with
no correlation in time series between the two species. The density of mice during
outbreaks varies widely from 200 to 1000 or more per ha (Channon et al., 2000;
Singleton et al., 2001; Korpimäki et al., 2004). In this scenario of anthropic environments,
the use of rodenticides can be constant (Morzillo and Mertig, 2011; Tosh et al., 2011a),
is independent of population cycles, and the risk of chronic exposure to ARs can be
elevated in resident predators.
In contrast, species of genus Arvicola, Microtus and Apodemus mostly prefer
farmland ecosystems. These have population cycles typically with an amplitude of
several years (e.g. voles of Arvicola and Microtus genus undergo population cycles with
3–5 year periods) and show densities up to 2000 individuals per ha (Korpimäki et al.,
2004; Witmer, 2007; Jacob and Tradlec, 2010; Luque-Larena et al., 2013). In such
farmland environments, the use of ARs can be more limited to the periods when rodent
populations peak, but treatments are performed at a large spatial scale. That means the
risk of exposure to ARs in predators can be more concentrated in time, but the
probability of exposure to contaminated prey is elevated and widespread at that time.
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In summary, the continuous use of ARs against commensal rodents in
environments can lead to long-term chronic accumulation of SGARs in predators. On the
other hand, intensive use of ARs in farmland or grassland during vole plagues can
produce lethal poisonings in many different species of non-target fauna in addition to
secondary poisoning in predators (Olea et al., 2009). The differences between urban and
rural environments can affect the probability of exposure to, and accumulation of, ARs
in non-target species, especially predators (Morzillo and Mertig, 2011; Tosh et al.,
2011b), including those that exploit rodent population outbreaks as a food resource.
3. RESIDUES OF RODENTICIDES IN PREDATOR’S DIET
Secondary exposure and poisoning of predators is caused by the consumption of
contaminated prey; i.e. other animals that suffered a primary exposure (and in some
cases intoxication) due to bait ingestion (Bowie and Ross, 2006; Giraudoux et al., 2006).
These prey animals can either die or survive their AR exposure, but in any case their
tissues (especially the liver) will contain a significant amount of ARs that can contribute
to the bioaccumulation and biomagnification of ARs in predators (Dowding et al., 2010;
Tosh et al., 2012). Small vertebrates, such as rodents and birds (mainly passerines)
constitute part of the diet of most small predators. Such prey may be the targets of AR
control or non-target species that, for example, encounter and consume grain bait
spread on the ground or in other accessible places (Rammell et al., 1984; Sage et al.,
2008; Olea et al., 2009). There is also some evidence that small birds will enter and feed
on AR blocks placed in bait stations (Elliott et al., 2014).
Small vertebrates are not the only source of secondary exposure of ARs to
predators. Invertebrates feeding on baits can also accumulate rodenticides in their
digestive tract and this can be an additional source of exposure to a wide range of
insectivorous animals (Craddock, 2003; Bowie and Ross, 2006). Predators can also be
highly opportunistic in their feeding behavior and such behavior increases the risk of
direct ingestion of AR baits (Dowding et al., 2010; Jacquot et al., 2013; Coeurdassier et
al., 2014).
We compiled different studies that described ARs levels in the potential prey of
predators (Rammell et al., 1984; Craddock, 2003; Spurr et al., 2005; Sánchez-Barbudo et
al., 2012; López-Perea et al., 2015) and the highest residue levels were in small
154

Chapter IV
mammals, followed by birds and reptiles (Fig. 1). This suggests that predators feeding
mostly on small mammals are those with a higher risk of AR poisoning due to the
potential that consumptions of relatively few contaminated prey will elevate exposure.

Fig. 1. Box-plots (median, 25-75%, range) of the concentrations of anticoagulant rodenticides
(ARs) detected in tissues of potential prey of predators. Data was obtained from studies with
mean values for mammals (n=20), birds (n=7), reptiles (n=1) and insects (n=6). References:
Alterio et al. (1997), Berny et al. (1997), Bowie and Rose (2006), Craddock (2003), Dowding et
al. (2010), Giraudoux et al. (2006), López-Perea et al. (2015), Murphy et al. (1998), Ogilvie et al.
(1997), Rammell et al. (1984), Sage et al. (2008), Sanchez-Barbudo et al. (2012), Spurr et al.
(2005), Tosh et al. (2012), Winters et al. (2010).

Six different types of ARs have been found in animal species that can be the
potential prey of predators. The most commonly reported is bromadiolone, followed by
brodifacoum and flocoumafen. In contrast, diphacinone, difethialone and coumatetralyl
are more rarely reported in prey species (Table 3). As would be expected by their
different capacity to bioaccumulate in animal tissues, the three ARs most frequently
reported were second-generation ARs (SGARs) and the compounds less frequently
detected were first-generation ARs (FGARs). This reflects the fact that SGARs are more
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persistent, having a longer half-life in liver than FGARs, and so present a greater risk of
causing secondary poisoning where they are widely used.
Table 3. Average (maximum) values of the mean concentrations (µg/g) of anticoagulant
rodenticides described in several studies of the potential prey of predators.
Compound

Insects

Brodifacoum

1.418 (4.3)

Birds

Mammals

0.181

1.745 (15.97)

Bromadiolone

0.127

1.034 (5.95)

Chlorophacinone

1.875 (4.15)

2.205 (2.3)

0.056

0.041 (0.1)

Diphacione

Reptiles

0.39

Difenacoum
Difethialone

0.096 (0.169)

Flocoumafen

0.540

0.006

Warfarin
∑ARs

0.058 (0.092)
0.207 (0.611)

1.418 (4.3)

0.540

0.857 (4.15)

2.188 (15.97)

Data are from references cited for Fig. 1

3.1.

ARs in small mammals.
ARs residues have been described at least in four families of small mammals

(Muridae, Cricetidae, Erinaceidae, Leporidae). Two of these families (Muridae and
Cricetidae) belong to the group of rodents, which are the main target for these
compounds. Mean levels of total ARs in liver vary from 0.026 μg/g in European hedgehog
(Erinaceus europaeus) to 15.97 μg/g in black rat (Alterio et al., 1997; Sánchez-Barbudo
et al., 2012), but levels above 10 μg/g have been detected for brodifacoum in rabbit
(Oryctolagus cuniculus) from New Zealand (Rammell et al., 1984) and for bromadiolone
in water voles (Arvicola amphibious) from France and voles (Microtus spp.) from Canada
(Giraudoux et al., 2006; Sage et al., 2008; Elliott et al., 2014) (Fig. 1).
3.2.

ARs in small birds.
Birds are the second group of prey in which ARs have been most frequently

detected. The geometric mean level of the sum of ARs reported in the livers of nonpredatory birds ranged from 0.006 μg/g in red-legged partridge (Alectoris rufa) to 4.15
μg/g in rock dove (Columba livia) (Sánchez-Barbudo et al., 2012). The maximum
concentration of ARs has been reported in Spain by Sánchez-Barbudo et al. (2012) in an
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individual rock dove that had 55.1 μg/g of chlorophacinone in liver. Elliott et al. (2014)
found one song sparrow (Melospiza melodia) with 0.073 μg/g of brodifacoum in liver.
3.3.

ARs in invertebrates.
Although this group of prey does not suffer the adverse effects on blood clotting

like vertebrates, invertebrates can act as carriers of ARs to predators after feeding on
poisoned baits. As baits are prepared with cereal grain in different formulations (whole
grain, milled grain in paraffin, etc.), these baits can be attractive for many species,
including invertebrates. The mean values of the sum of ARs detected in invertebrates
range from 0.21 μg/g in ground beetles (Coleoptera) to 4.3 μg/g in cave weta
(Gymnoplectron spp.) (Ogilvie et al., 1997; Craddock, 2003). In New Zealand, where most
of research on ARs in invertebrates has been done, levels as high as 2.3–5.9 μg/g of
brodifacoum have been found in weta (Craddock 2003; Bowie and Ross 2006). Elliott et
al. (2014) found 0.39 μg/g of diphacinone in a pool of carrion beetles (Dermestes spp.)
from Canada that fed on the carcasses of poisoned animals.
3.4.

ARs in reptiles.
There are few studies on AR residue levels in this group of vertebrates. Sánchez

Barbudo et al. (2012) described the presence of 0.54 μg/g of flocoumafen in the liver of
a horseshoe whip snake (Hemorrhois hippocrepis) that was found dead on a
Mediterranean island where this AR had been used against rats for the protection of
seabird colonies. Many species of reptiles predate on rodents that may contain AR
residues, so this group can be at risk of secondary poisoning in the same way as
predatory birds and mammals. Bishop et al. (2016) recently described the exposure and
poisoning risk of the gopher snake (Pituophis catenifer deserticola) to another rodent
control compound, strychnine. In addition, reptiles are also potential prey for
mammalian and avian predators, including mongooses (Herpestidae) and other species
such as snake eagles (Circaetus spp.) which specialize on feeding on them. Reptiles may
therefore form part of a tertiary exposure pathway for such predators.
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4. BIOACCUMULATION FROM PREY TO PREDATOR
The presence of ARs in prey presents a risk to predators who may bioaccumulate
ARs in tissues, especially the liver. Several factors contribute to the calculation of the
risk of AR accumulation in predators. The first is the frequency of occurrence of ARs in
prey. Intensive baiting with ARs in sites with elevated densities of rodents (such as
population peaks of vole species) will result in an elevated availability of contaminated
prey for scavenging predators over extended periods (Sage et al., 2007; 2008; Vidal et
al., 2009; Montaz et al., 2014). The second factor is the concentration of ARs in the
tissues of those prey that are exposed. In many cases, it can be expected that the dose
ingested is high enough to cause the death of the rodent (or other non-target
vertebrate), but there is usually a period of some days between lethal exposure and
death during which some residues in prey may be eliminated. Furthermore, rodents
sometimes ingest sub-lethal rather than lethal amounts of AR; for instance, Giraudoux
et al. (2006) found 0.75 μg/g of bromadiolone per body mass in voles that were trapped
alive after being exposed to field treatments. A third factor is the gut bioavailability and
absorption of ARs in predators. Not all the AR dose ingested by prey is absorbed. In
raptors, it is estimated that around 25% of the ingested dose is lost through elimination
in regurgitated pellets (Newton et al., 1990; Gray et al., 1994; Elliott et al., 2014; Salim
et al., 2014). A fraction of ingested dose may also either not be absorbed or undergo
biliary excretion, although Sage et al. (2010) estimated that the maximum amount of
bromadiolone eliminated via faeces by foxes (Vulpes vulpes) exposed daily to 1000 μg
was only 69.9–73.3 μg. The fourth factor to take into account is the excretion rate of
accumulated ARs. This is another parameter that can vary markedly between
compounds and species. The half live (t1/2) for ARs in animal tissues can range from 15.8–
55 days for FGARs to 108–307 days for SGARs (Eason et al., 2002; Vandenbroucke et al.,
2008); daily first-order excretion rates (0.693/t1/2) can therefore be estimated to range
between 0.002 to 0.044 d−1, assuming a single-compartment model.
If we consider all the above parameters, a simple bioaccumulation model can be
developed and the outputs compared with reported AR concentrations in predators
from biomonitoring studies. If the barn owl (Tyto alba) is used as a sentinel predator in
the model, the daily food intake in this species is about 10% of body mass (Marti, 1973).
The tissue concentration of ARs in prey that are associated with toxicity are usually
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based on the liver but these compounds are also found at lower levels in muscle and
other tissues (Giraudoux et al., 2006). In fact, the proportion of AR body burden in the
liver has been estimated to be about 25% of total body burden, which implies a ratio
between liver and body concentrations of 7.9, according to data given by Giraudoux et
al. (2006), although Shore and Coeurdassier (2018) estimate this ratio may be lower
(5.2).
Information on food intake rates and AR concentrations in prey can be
incorporated in a bioaccumulation model assuming a single-compartment distribution
and a first-order elimination rate (Lazarus et al., 2014) as follows:
LCn = BCn × LR
n is the life of the predator in days.
LC the liver concentration of ARs.
BC the total body concentration of ARs.
LR the concentration in the liver relative to total body concentration (x7.9). Where
BCn= (BCn-1 × e-ER) + DIn
ER is the excretion rate (proportion of body burden excreted daily – 0.002 to 0.044 d-1).
DI the daily intake of ARs (µg/kg bw), and
DIn= FI × CF × BA.
FI the daily food intake (100 g/kg bw);
CF the concentration of ARs in food (0.75 µg/g food-voles from Giraudoux et al., 2006);
BA the bioavailability of ingested ARs (0.75).
Fig. 2 shows the modelled bioaccumulation of ARs in barn owls and how this
varies with frequency of ingestion of contaminated prey (daily or every four days) and
with two different tissue elimination rates based on t1/2 having a value of either 15.8
days or 307 days. The modelled output indicates how bioaccumulation of ARs may lead
to liver concentrations of concern in predators (see section 8, this chapter) after 3–4
days of continuous ingestion of contaminated prey with variation in elimination rate
making a minimal difference. Ingestion of contaminated prey every 4 days is estimated
to result in liver concentrations of concern after 12–13 days when the excretion rate is
just 0.002 d−1, and after 20–21 d when the excretion rate is 0.049 d−1. These results
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highlight the importance of the availability of contaminated prey, and the importance
of the excretion rate when the consumption of contaminated prey is sporadic.
Moreover, the assumption of a single-compartment model is probably not realistic,
because t1/2 of ARs is not equal in different tissues (Rattner et al., 2014a). Although
additional information is needed to refine this model, the estimated bioaccumulation
process with a constant exposure to ARs in contaminated prey (blue lines in Fig. 2) is
similar to the experimental results obtained with owls, in which the exposure to
contaminated prey for a period comprising up to 15 days produced ARs levels (i.e.
brodifacoum) in liver of 0.63– 3.7 μg/g accompanied by signs of coagulopathy or even
death (Mendenhall and Pank, 1980; Newton et al., 1990; Gray et al., 1994). The results
of the discontinuous exposure to ARs in contaminated prey (red lines in Fig. 2) also gives
similar results to the range of concentrations shown in many field monitoring studies
(see Table 4).

Fig. 2. Estimated levels of ARs in liver of barn owls exposed to contaminated prey daily or every
4 days (See details in the text for model parameters).

5. PREDATORS AT RISK
The risk of secondary poisoning of the different species of predator may depend
on their feeding habits. The factors associated with the elevated exposure to ARs in
predators can be summarized as: (1) specialization in rodent predation, (2) scavenging
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behavior, either opportunistic or facultative and (3), in conjunction with the previous
two, the use of anthropic environments where ARs are used.
The specificity of predation on rodents is a characteristic that can fluctuate in
some species according to prey abundance. Some predators prey mostly on rodents and
their migratory and breeding strategies are highly dependent on the spatial distribution
of demographic peaks of rodents on a continental scale. On the other hand, these rodent
cycles may also determine the predatory behavior of less specific predators, just
because prey availability offers an important food resource that can be exploited
temporarily (Hanski et al., 1991; Terraube et al., 2011). Such generalist predators exploit
a wide range of food items and feed on small rodents when they are easily available. For
instance in Europe, fox, common buzzard and some mustelids such as European pine
marten (Martes martes), European polecat (Mustela putorius) and European badger
(Meles meles) feed on small rodents when they are easily available (Redpath and
Thirgood, 1999; Dell’Arte et al., 2007). In contrast, specialist predators use a narrow
range of food resources. This is true of the least weasel (Mustela nivalis) and many owl
species, which are adapted specifically for hunting on rodents. This relationship
between prey and predators can be so close as to determine the density of rodents and
the presence of these specialist predators (Andersson and Erlinge, 1977; Brandt and
Lambin, 2007). In summary, how rodents contribute to the ingested biomass of a
predator will determine the likelihood of exposure to ARs and the consequent risk of
secondary poisoning.
The second risk factor is the facultative or scavenging behavior of predators.
Rodents killed by ARs can contain elevated residue levels in their tissues, so the species
feeding on small carrion items (e.g. rodents) may be at high risk of exposure to ARs,
although it has been questioned as to the extent AR concentrations actually do differ
between dead and living AR contaminated prey. This is the case, for instance, for the red
kite (Milvus milvus) in Europe, where it has been found to be lethally exposed to ARs
used against voles in France (Coeurdassier et al., 2012). The list of opportunistic
scavengers is extensive, including many species of carnivores, diurnal birds of prey and
corvids. Some facultative scavengers (i.e. vultures) also feed on small carcasses. In
Europe, this includes the Egyptian vulture (Neophron percnopterus) and the bearded
vulture (Gypaetus barbatus).
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Finally, the third risk factor of use of anthropic environments is linked to the
feeding behavior of predators and may explain spatial variation in the risk of AR
exposure. Several studies have pointed to higher exposure to ARs in predators from
urban areas (Riley et al., 2007; López-Perea et al., 2015), especially areas of low-density
development formed by single-family housing units (Nogeire et al., 2015), or around
farms of intensive livestock production (Shore et al., 2006; Geduhn et al., 2015), because
in both cases the use of ARs is often sustained over time to prevent the spread of rodent
pests.
6. MONITORING STUDIES
Monitoring of AR levels in predators and other species of wildlife has been
undertaken during the last three decades in some jurisdictions, particularly since the
development of more sensitive analytical techniques whereby the detection of these
compounds is now common in many studies carried out in different parts of the world.
Initially, methods of detection were based on thin-layer chromatography (TLC) (Welling
et al., 1970), but that technique was rapidly replaced by those based on hig performance
liquid chromatographic (HPLC) methods (Hunter, 1985; Newton et al., 1990). HPLC can
be coupled with fluorescence (FLD) and high-resolution mass spectrometry (MSD)
detection. The limits of detection for most of the ARs by FLD range between 0.001 and
0.1 μg/g (Shore et al., 1996; Berny et al., 1997; Fournier-Chambrillon et al., 2004;
Christensen et al., 2012; Elmeros et al., 2011). Mass spectrometry, in addition to a very
low limit of detection (0.002–0.25 μg/g) also gives a high specificity in the identification
of the ARs in biological samples (Albert et al., 2010; Dowding et al., 2010; Gabriel et al.,
2012; Hughes et al., 2013; López-Perea et al., 2015).
The tissue of choice for monitoring the presence of ARs is the liver because of
long-term accumulation in that tissue but residues are also detectable in other tissues.
While most studies have analysed liver samples for ARs (Berny et al., 1997; Elmeros et
al., 2011; Gabriel et al., 2012; Ruiz-Suárez et al., 2014), a few have also used muscle
(Sánchez-Barbudo et al., 2012). The two other commonly used sample types are blood
and regurgitated pellets, especially in studies involving live animals, toxicokinetics,
coagulopathy or other adverse effects, and to determine exposure levels to inform risk
assessment (Newton et al., 1994; Rattner et al., 2010; 2011; 2014a; Brooke et al., 2013).
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We reviewed scientific papers and reports describing the presence of ARs in
predatory birds and mammals with different feeding habits and from different
geographical areas. This information is from 40 published studies with a total number of
4187 animals from 53 species of predators, of which 17 were mammals and 36 were
birds (Table 4). The number of positive animals was 2414, so the occurrence of ARs
averaged 58% amongst studied predators. This is a value that should be considered of
concern for the conservation of biodiversity in top-down regulated food-chains because
it may reduce the numbers of top predators leading in the mid or long-term to rodent
overabundance.
Table 4. Anticoagulant (AR) exposure of birds of prey and carnivorous mammals.
Class/Family/Species

Country

N

N+

%

Mean ΣARs (µg/g)

a

Ref

b

BIRDS
Accipitridae
Cooper's hawk

Accipiter cooperii

USA

50

18

36

0.650

38

Northern goshawk

Accipiter gentilis

Spain

2

1

50

0.038

29

USA

1

0

0
86

38

European sparrowhawk

Accipiter nisus

Spain

14

12

Sharp-shinned hawk

Accipiter striatus

USA

11

1

9

Spanish imperial eagle

Aquila adalberti

Spain

8

1

13

0.008

29

Golden eagle

Aquila chrysaetos

France

1

1

100

6.200

6

Spain

4

1

25

0.006

29

USA
Common buzzard

Red-tailed hawk

Buteo buteo

Buteo jamaicensis

0.085

27
38

1

1

100

0.300

37,38

Denmark

141

132

94

0.074

8

France

43

41

95

0.495

6,9, 15

Spain

83

44

53

0.189

17,23,27,29

UK

519

227

44

0.047

14,34

0.010

39

Canada

58

USA

263

201

76

0.437

20,36,37,38

Denmark

31

26

84

0.040

8

Rough-legged buzzard

Buteo lagopus

USA

1

0

0

38

Broad-winged hawk

Buteo platypterus

USA

11

0

0

38

Short toed snake-eagle

Circaetus gallicus

Spain

1

1

100

0.111

29

Marsh harrier

Circus aeruginosus

Denmark

3

3

100

0.012

8

Harrier hawk

Circus approximans

NZ

2

2

100

0.230

24

Montagu's harrier

Circus pygargus

France

1

1

100

6.100

6

Spain

1

0

0

23

Bald eagle

Haliaeetus leucocephalus

USA

5

1

20

1.400

Black kite

Milvus migrans

France

5

5

100

0.400

6

Spain

5

3

60

0.093

29

Denmark

3

3

100

0.413

8

Red kite

Milvus milvus

37,38
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Class/Family/Species

Country

N

N+

%

Mean ΣARs (µg/g)

a

Ref

b

France

90

55

61

5.525

5,9

Spain

8

7

88

0.343

29

UK

115

80

70

0.240

14,33,41

Falconidae
Merlin

Falco columbarius

USA

1

0

0

38

Barbary falcon

Falco pelegrinoides

Spain

16

5

31

0.049

38

Peregrine falcon

Falco peregrinus

USA

2

1

50

1.400

37,38

Common kestrel

Falco tinnunculus

Denmark

66

59

89

0.099

8

France

4

3

75

0.240

15

Spain

21

14

67

0.225

28

UK

45

23

51

0.287

14,33

Strigidae
Saw-wet owl

Aegolius acadicus

USA

3

1

33

Short-eared owl

Asio flammeus

Denmark

5

5

100

Long-eared owl

Asio otus

Little owl

Eagle owl

Great horned owl

Athene noctua

Bubo bubo

Bubo virginianus

38
0.015

8

USA

1

0

0

Denmark

38

36

95

0.019

38
8

Spain

35

24

69

0.079

17,27

USA

7

2

29

Denmark

9

9

100

0.118

8

Spain

8

6

75

0.165

17,29

Denmark

10

10

100

0.193

8

Spain

21

18

86

0.253

17,29

Canada

250

166

66

0.082

1,39

USA

93

79

85

0.417

20,36,37,38

38

Screech owl

Megascops asio

USA

83

39

47

0.361

13,20,37,38

Morepork

Ninox novaeseelandiae

NZ

2

2

100

2.005

19,22

Snowy owl

Nyctea scandiaca

USA

2

0

0

0.260

37,38

Scops owl

Otus scops

Spain

33

16

48

0.038

17

Tawny owl

Strix aluco

Denmark

44

41

93

0.078

8

France

5

2

40

Spain

27

21

78

0.313

17

UK

206

46

22

0.047

14,42

Canada

25

23

92

0.178

1

USA

53

33

62

0.004

20,38

Canada

78

48

62

0.079

1

Denmark

80

75

94

0.114

8

France

17

8

47

0.280

6,15

Spain

66

47

71

0.249

17,27,29

UK

313

81

26

0.141

14,21,33,34

France

82

72

88

1.250

6,28

Spain

31

12

39

0.286

29

UK

155

97

63

0.175

40

Barred owl

Strix varia

15

Tytonidae
Barn owl

Tyto alba

MAMMALS
Canidae
Red fox

Vulpes vulpes
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Class/Family/Species

a

b

Country

N

N+

%

Mean ΣARs (µg/g)

Ref

47

36

77

1.297

2,19,35

Felidae
Feral cat

Felis catus

NZ

Eurasian lynx

Lynx Lynx

France

1

1

100

1.300

6

Bobcat

Lynx rufus

USA

39

35

90

2.210

25

Mountain lion

Puma concolor

USA

4

4

100

1.650

25

Lutra lutra

France

35

5

14

6.090

11,16

Spain

3

1

33

0.353

29

France

1

1

100

0.800

6

Spain

19

11

58

1.319

29

Mustelidae
European otter

Stone marten

Martes foina

Fisher

Martes pennanti

USA

58

46

79

0.340

12

Eurasian badger

Meles meles

France

1

1

100

0.900

6

Stoat

Mustela erminea

Denmark

61

59

97

0.264

10

NZ

209

118

56

0.730

2,3,4,7,19,35

UK

40

9

23

0.257

18

Feral ferret

Mustela furo

NZ

24

16

67

1.030

2,19,35

European mink

Mustela lutreola

France

31

1

3

5.000

11

Least weasel

Mustela nivalis

Denmark

69

66

96

0.383

10

NZ

61

42

69

0.747

2,19,35

Spain

1

1

100

2.930

29

UK

10

3

30

0.271

19

France

33

5

15

3.400

11

Polecat

Mustela putorius

Spain

1

0

0

UK

105

33

31

0.186

30,31,32

23

American mink

Mustela vison

France

47

7

15

8.200

11

American badger

Taxidea taxus

USA

1

1

100

4.400

26

Procyon lotor

Spain

10

2

20

2.720

29

USA

1

1

100

2.070

26,37

Spain

7

2

29

0.284

29

Procyonidae
Northern racoon

Viverridae
Common genet

Genetta genetta

ALL
a

4187 2414

58

Concentration of ARs in individuals with detected levels. Sample size was 2551, higher than in column N+, because in some studies

only positive cases were recorded. These individuals were not considered for the calculation of occurrence (%) because the number
of monitored animals was not clearly stated.
b

References: 1. Albert et al. 2010; 2. Alterio 1996; 3. Alterio and Moller 2000; 4. Alterio et al. 1997; 5. Berny and Gaillet 2008; 6.

Berny et al. 1997; 7. Brown et al. 1998; 8. Christensen et al. 2012; 9. Coeurdassier et al. 2014; 10. Elmeros et al. 2011; 11. FournierChambrillon et al. 2004; 12. Gabriel et al. 2012; 13. Hedgal and Colvin 1988; 14. Hughes et al. 2013; 15. Lambert et al. 2007; 16.
Lemarchand et al. 2010; 17. López-Perea et al. 2015; 18. McDonald et al. 1998; 19. Murphy et al. 1998; 20. Murray 2011; 21. Newton
et al. 1990; 22. Ogilvie et al. 1997; 23. Olea et al. 2009; 24. Rammell et al. 1984; 25. Riley et al. 2007; 26. Ruder et al. 2011; 27. RuizSuárez et al. 2014; 28. Sage 2008; 29. Sánchez-Barbudo et al. 2012; 30. Shore et al. 1996; 31. Shore et al. 1999; 32. Shore et al. 2003;
33. Shore et al. 2005; 34. Shore et al. 2006; 35. Spurr et al. 2005; 36. Stansley et al. 2014; 37. Stone et al. 1999; 38. Stone et al. 2003;
39. Thomas et al. 2011; 40. Tosh et al. 2011b; 41. Walker et al. 2008a; 42. Walker et al. 2008b.
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Seven countries contributed most of the available information: Canada, USA, UK,
Denmark, France, Spain and New Zealand. Some cosmopolitan species, like the barn owl,
can be good bioindicators of the risk of secondary poisoning in generalist predators and
the calculated prevalence of AR residues can be compared among studies or geographic
areas (Fig. 3). However, care must be taken when interpreting any such comparisons as
limits of detection and the time frames over which data have been collected may not be
similar; detection limits have decreased as analytical technology has advanced (Dowding
et al., 2010), and the prevalence of rodenticides in barn owls may have changed over
time (Newton et al., 1990; Walker et al., 2014). In terms of the types of anticoagulant,
coumarin derivatives such as brodifacoum, bromadiolone, coumatetralyl, difenacoum,
flocoumafen, warfarin, and indandione derivatives such as diphacinone and
chlorophacinone have been documented. The most widely detected compounds have
been brodifacoum, bromadiolone and difenacoum, all of them SGARs and therefore
potentially bioaccumulative and toxic (Eason et al., 2002).

Fig. 3. Prevalence (red portion) of ARs in liver of barn owl (Tyto alba) in the northern hemisphere
(From left to right: Canada, Spain, United Kingdom, France and Denmark-data from Table 4).
This cosmopolitan species could be a good bioindicator of the risk of secondary poisoning by ARs
in predators).

We also used the data from the studies we compiled to compare AR levels
between birds and mammals and between generalist and specialist predators. We
considered weasels and owls as specialist species, whereas diurnal raptors and
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carnivorous mammals (excluding weasel) were considered generalists (Hanski et al.,
1991; Andersson and Erlinge, 1977). Interestingly, specialist and generalist predatory
birds had the same frequency of occurrence of AR residues in liver (58%). For mammals,
species that are more specialized in feeding on rodents had a slightly higher occurrence
of ARs (66%) than generalists (51%) (Yates’ χ2 = 25.5, p < 0.001) (Table 5).
Table 5. Occurrence of ARs in avian and mammalian predators in relation to their feeding habits.
Class

Predator type

Birds
Mammals

N

With ARs
N+

%

Generalist

1296

755

58

Specialist

1752

1012

58

Generalist

688

349

51

Specialist

451

298

66

4187

2414

58

All

Detected concentrations tend to differ more than frequency of occurrence with
significant differences between birds and mammals (General Linear Model, F1,120 =
7.65, p = 0.007) and between types of feeding behavior (F1,120 = 7.96, p = 0.006). Fig. 4
shows that liver AR concentrations are generally higher in mammals than in birds, and
in generalists than specialist. This finding may indicate that some specialist species
mostly feed on non-target rodents.

Fig. 4. Mean (±SE) of ARs concentrations described in generalist and specialist predatory species
of birds and mammals. Mean values were calculated from the means of studies on different
species in different countries (see Table 4).
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Nine families of predators have been monitored for liver AR residues and the
percentage of positive animals in each of them is shown in Fig. 5. The number of species
included in each family were 17 Accipitridae, 4 Falconidae, 13 Strigidae, Tytonidae, 1
Canidae, 4 Felidae, 11 Mustelidae, 1 Procyionidae and 1 Viverridae (Table 6). Although
the calculated occurrence of ARs is derived from studies on several species and from
multiple locations, the data provides an indication of the worldwide scenario for
exposure and accumulation of ARs in predatory birds and mammals. It I notable that the
detection of ARs has been above 50% in most of the studied families (Fig. 5).

Fig. 5. Occurrence of ARs by families of birds of prey (red) and carnivorous mammals (blue).
Numbers shown above bars are the sample size in each family (Data are from studies cited in
Table 4).

Although the frequency of occurrence of liver ARs was similar in birds of prey and
carnivorous mammals, liver concentrations in animals with residues were generally
higher in mammals (especially Felidae, Mustelidae and Procyonidae) than in birds and
at levels that could be indicative of the implication of ARs in the death of many of the
studied individuals (Fig. 6).
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Fig. 6. Concentration (arithmetic mean ± SE) of ARs by families of birds of prey (red) and
carnivore mammals (blue).

The genus Buteo is among the diurnal raptor taxa with higher exposure to ARs in
Europe and North America. Three species of this genus have shown prevalence of ARs
between 44% and 94% in studies involving sample size >27. Mean ΣAR concentrations
in this genus ranged between 0.04 and 0.318 μg/g (Table 4). Another raptor of the
Accipitridae family widely studied has been the kites of Milvus genus. Black (M. migrans)
and red kites (M. milvus) in Europe have shown prevalence of AR residues between 44%
and 100% and concentrations from 0.054 to 5.525 μg/g (Table 4). In the case of
Falconidae, common kestrel (Falco tinnunculus) has been the species with higher
number of individuals monitored, and the occurrence of ARs has been between 51% and
89% in different European countries. Mean ΣARs levels in common kestrel ranged from
0.099 to 0.190 μg/g (Table 4).
Among the nocturnal raptors of the family Strigidae, Strix genus has been studied
in Europe and North America and the occurrence of ARs has been between 22% and
93% with mean ΣARs levels of 0.004–0.126 μg/g (Table 4). Even higher occurrence of
ARs has been found in the larger Bubo species from Europe and North America, with
detectable levels in 66–100% of the individuals and mean levels of 0.043–0.192 μg/g
(Table 4). In the family of Tytonidae, barn owl has been also widely used to monitor the
prevalence of ARs exposure in Europe and North America. This cosmopolitan species
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have shown occurrence of ARs ranging from 26% to 94% and with mean ΣAR levels of
0.037–0.206 μg/g (Table 4).
In the case of carnivorous mammals, the highest occurrence of ARs was reported
for Felidae species with values of prevalence between 77% and 100% and mean ΣARs
levels of 1.297 and 1.650 μg/g (Table 4). Those concentrations are well above the levels
detected in raptorial birds. Red fox has been the only Canidae species studied and the
prevalence of AR exposure has been between 39% and 91% in Europe. The mean
detected concentrations in red fox have been between 0.117 and 1.132 μg/g (Table 4).
The family of carnivores with the highest number of species analysed for ARs has been
the Mustelidae. The species of that group monitored with a sample > 30 show
prevalence values between 3% and 97%, so there can be important differences related
to the habitat use and feeding habits within this group of species. Similarly, the mean
concentrations ranged from 0.022 to 5 μg/g (Table 4).
The major differences in the concentrations detected in the different studies of
the same species (Table 4) deserve some consideration. Some of these differences may
be explained by differences in the analytical methods used, because the most sensitive
would increase the incidence of positive individuals in the lower range of the distribution
of concentrations. Mean concentrations are calculated with individuals containing
detectable levels, so the inclusion of individuals with very low levels could significantly
reduce the arithmetic mean. On the other hand, some of the compiled studies have
been performed during large-scale treatments with ARs against rodents at their
demographic peaks or in areas specially affected by rodents, so the high availability of
contaminated prey could lead to excessive accumulation in predators (Berny et al., 1997;
Giraudoux et al., 2006) and affect their populations (Jacquot et al., 2013). For instance,
stoats (Mustela erminea) and least weasel monitored in New Zealand have been
exposed after broader scale poisoning operations against mice and black rats, so the
high observed levels (brodifacoum in liver: up to 1.72 μg/g) may be explained by these
treatments (Alterio, 1996; Alterio et al., 1997; Alterio and Moller, 2000). Similarly, pellet
samples from screech-owls (Megascops asio), exposed to brodifacoum after broadcast
application in an orchard in the USA to control voles (Microtus spp.), and contained
0.06–0.09 μg/g (Merson et al., 1984). It is also noteworthy that monitoring surveys are
usually conducted using animals found dead and, if there is a large number of poisoned
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animals in such samples, this may introduce a bias in the overall observed mean AR value
for a species.
7. EFFECTS ON PREDATORS IN FIELD AND EXPERIMENTAL STUDIES
ARs have an anticoagulant mode of action, inhibiting the vitamin k epoxide
reductase enzyme necessary for recycling of vitamin k, a cofactor of primary importance
for activation of blood clotting factors II, VII, IX and X (Watt et al., 2005; Krieger, 2010).
Because of AR exposure, rodents or other vertebrates accidentally exposed to bait can
die and predators feeding on poisoned prey may suffer secondary poisoning with effects
ranging from subclinical signs to mortality.
7.1.

Mortality
Secondary poisoning of predators by ARs has been documented in several

European countries. In France, which conducts toxic-vigilance monitoring of wildlife, AR
poisoning of predators has been confirmed in several wildlife species over recent
decades. For instance, Berny et al. (1997), analyzed 31 red foxes and 16 common
buzzards (Buteo buteo) suspected of bromadiolone poisoning; poisoning was confirmed
in all foxes and 15 buzzards. Later, Berny and Gaillet (2008) published another survey
conducted between 1992 and 2002 that involved 62 cases of suspected poisonings of
red kites. In total, 27 birds were confirmed to have died by AR exposure, 24 with liver
bromadiolone residues between 0.2–5.6 μg/g and three with chlorophacinone residues
between 0.9–5.2 μg/g. Also in France, Fournier-Chambrillon et al. (2004) analyzed 122
carcasses of four species of free ranging mustelids collected between 1990 and 2002
and found two European polecats with 0.6 μg/g and 2.6 μg/g and one American mink
(Mustela vison) with 2.0 μg/g of ARs in liver together with generalized and massive
hemorrhages, severe anemia and dehydration; ARs were therefore considered to be
directly responsible for their death. In the United Kingdom, Newton et al. (1990)
diagnosed AR poisoning as the cause of death in one out of 145 barn owls; that single
bird had 0.43 μg/g brodifacoum in its liver and had hemorrhages. Hughes et al. (2013)
assessed the presence of ARs in the liver tissues of raptors from the United Kingdom and
the highest frequency of exposure was in red kite, with 70% of positive individuals (n =
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114) and mean liver ΣAR concentrations of 0.155 μg/g; it was concluded that 10% died
because of rodenticide exposure.
In North America, several studies have described cases of lethal poisoning of
predators by ARs. Stone et al. (1999) found hemorrhages associated with AR exposure
in 33 predators between 1971 and 1997 in New York State (USA). AR residues in those
predators ranged from 0.01 to 5.3 μg/g in liver and their necropsy revealed
subcutaneous hemorrhages, pallor of muscle and/or internal organs, hemorrhages in
lungs and inter- and intramuscular hemorrhages, most likely caused by vitamin K
deficiency due to exposure to ARs. Stone et al. (2003) also analyzed the presence of ARs
in 265 individuals from 12 species of raptors and they found residues in 49% of them, in
some cases with levels of brodifacoum >0.36 μg/g. Based on the finding of hemorrhage
and brodifacoum levels, the exposure to that SGAR was considered the cause of death
in nine cases (14.6% of positives). Similarly, Murray (2011) detected the presence of liver
ARs in 86% of individuals of four species of birds of prey admitted to wildlife
rehabilitation centers; mortality from AR toxicosis was diagnosed in 6% of birds, which
had AR levels from 0.012 to 0.29 μg/g.
AR poisoning has also been observed in carnivorous mammals in the USA: two
mountain lions (Puma concolor) with 0.51–1.27 μg/g of bromadiolone and 0.31– 0.57
μg/g of brodifacoum in the liver, a raccoon (Procyon lotor) and an American badger
(Taxidea taxus) with 1.4–4.4 μg/g of chlorophacinone in liver and four fishers (Martes
pennant) with 0.12 μg/g bromadiolone and 0.22 μg/g brodifacoum in the liver;
coagulopathy and bleeding into tissues or cavities were common findings in these cases
(Riley et al., 2007; Ruder et al., 2011; Gabriel et al., 2012). Albert et al. (2010) monitored
the exposure to ARs in three owl species in Canada between 1988 and 2003. The analysis
of 164 liver samples revealed that 70% of the studied birds had detectable residues of
at least one AR and six of the owls were diagnosed as having died by AR poisoning with
ARs levels ranging from 0.060 to 1.065 μg/g.
The intensive use of ARs in the Oceania region to control invasive rodents also
represents a risk for predators, including some non-native species. For instance, Brown
et al. (1998) described AR poisoning in ten stoats that had between 0.54 μg/g and 0.81
μg/g of brodifacoum in liver after a treatment against mice in New Zealand. All of the
above cases are evidence of the risk secondary poisoning by ARs can pose to predators
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in the wild. Many non-target wildlife around the world have suffered lethal effects from
AR exposure, with two SGARs, bromadiolone and brodifacoum, most commonly
involved. Lethal effects were documented in animals with liver levels of those SGARs
ranging from 0.01 to 5.3 μg/g ARs in liver. In summary, those findings confirm that
secondary exposure to ARs in predators can be a cause of mortality, and should be taken
into account in the conservation and population management of many species of
predators.
Recent studies have experimentally assessed AR effects on diurnal and nocturnal
birds of prey. The toxicity and the potential risk of diphacinone (FGAR) have been
assessed by Rattner et al. (2010; 2011; 2014a) in two species (i.e. American kestrel (Falco
sparverius) and eastern screech-owls), which are representative of Falconidae and
Strigidae families. Rattner et al. (2010; 2011) orally administered diphacinone to
American kestrels with daily dosages ranging from 35.1 to 675 mg/kg body weight. They
documented mortality and sub-lethal effects during seven days of monitoring. American
kestrels survived with dosages ranging from 35.1 to 79.0 mg/kg, but died when given
doses of 118.6 mg/kg to 675 mg/kg. All birds that survived exhibited varying degrees of
hemorrhage in liver and prolonged clotting times. In a study carried out with eastern
screech-owls, individuals were fed diets containing 10 μg/g of diphacinone (by wet
weight) for 7 days to evaluate sub-lethal effects (Rattner et al., 2014a). Russell’s viper
venom time was prolonged by day 3, when birds had diphacinone levels of 1.63 μg/g in
liver and 5.83 μg/g in kidney; prothrombin time was prolonged by day 7 when several
owls already exhibited external signs of bruising and internal evidence of hemorrhage.
After termination of exposure, coagulopathy and anemia were resolved within 4 days,
and residues decreased to <0.3 μg/g after 7 days. Liver and kidney elimination occurred
with overall half-lives of 11.7 days and 2.1 days, respectively.
7.2.

Sub-lethal effects
In many cases, exposure to ARs in predators is not sufficient to kill the animals,

but sub-lethal effects may impair the fitness of individuals. The best known effect of ARs
is related to blood clotting, which is clinically diagnosed by the increase of the
coagulation time measured through different laboratory tests (i.e. thrombin time,
prothrombin time, activated partial thromboplastin time) (Brakes and Smith, 2005; Sage
173

PhD Thesis – Jhon J. López Perea
et al., 2010; Rattner et al., 2010; 2011; 2012; 2014a). All of those measures are indicative
of impairment of blood coagulation and can represent an early signal of AR poisoning,
but are all in fact indicators of the mechanism causing lethality.
Some other adverse effects have been associated with AR exposure, but
sometimes there is not a clear mode of action to establish such associations.
Exacerbated blood loss during molt in AR-exposed birds can be explained by vitamin K
antagonism but this mechanism is not obviously directly related to other effects
attributed to sub-lethal AR exposure, such as impaired body condition, susceptibility to
disease, reduced resilience or tolerance to extreme weather, and even sensitivity to
other toxicants (Rattner et al., 2014b). In this respect, observed infestations with
notoedric mange in bobcats (Lynx rufus) and mountain lions (Puma concolor) have been
linked to exposure to SGARs in the wild (Riley et al., 2007); felines of these two species
found dead with mange lesions had detectable liver AR residues with concentrations
>0.05 μg/g. The mechanism by which exposure to ARs may be linked to occurrence of
mange is uncertain although Riley et al. (2007) suggested that SGARs could act as
stressors and have increased the susceptibility of bobcats to mange.
Knopper et al. (2007) assessed SGAR effects in bones of raptors because of the
role that vitamin K also plays in bone metabolism, where it is required for the formation
of γ-carboxyglutamyl, a component of bone proteins such as osteocalcin (Weber, 2001).
The density and breaking strength of humerus and femur of barn owls and kestrels was
measured and its relationship with liver SGARs residues was evaluated, but no
significant relationship was found.
Sub-lethal adverse effects mediated by ARs may occur not only at the individual
level but may also disturb population dynamics and other factors essential to
maintenance of wildlife populations. One such adverse effect is on reproduction. Several
studies have shown evidence of adverse effects of AR treatments on the breeding
success of predators. Naim et al. (2011) studied the clutch size, hatching and fledging
success of the Eastern barn owl (Tyto alba javanica) in an area where rodent control was
practiced using three treatments (warfarin, brodifacoum and a biological control with
the parasite Sarcocystis singaporensis). They found that breeding success in treatment
plots was lower than in control plots (areas where there was no rodent control). In
particular, brodifacoum treatment plots had the lowest rates of hatching and fledging,
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and brodifacoum was also the most effective for rodent control. SGAR residues were
not assessed in the raptors, but the observed reproductive effects seemed to have been
caused by a reduction in prey availability (Naim et al., 2011), and so may represent an
indirect effect of rodenticides.
Effects on population dynamics from the use of ARs can also occur in carnivorous
mammals. An example has been reported for American badger and red fox populations
in two study areas with different levels of AR use. In the study area with relatively lower
use of ARs, American badger had a relative abundance index of 0.11 individuals/km and
red fox of 0.16 individuals/km, while in the area with higher use of ARs the relative
abundance of both species was only 0.05 individuals/ km (Proulx and MacKenzie, 2012).
Another example of effects on populations of predators was reported by Jacquot et al.
(2013) who monitored the fox population in relation with a bromadiolone treatment in
France. These authors found a negative relationship between fox populations and
bromadiolone treatments, and these effects were detectable more than one year after
treatments.
With regards birds of prey, Coeurdassier et al. (2014) found 28 red kites and 16
common buzzards (Buteo buteo) dead during surveys after an intensive treatment with
bromadiolone for water vole control in France. Bromadiolone poisoning was either
confirmed or highly suspected as the main cause of death and there was a possible
impact of bromadiolone on the breeding population of red kites in the area during that
year. ARs poisoning has been also identified as a main conservation issue for the red kite
in Spain due treatments against common vole (Viñuela et al., 1999; Mougeot et al.,
2011).
Another aspect of potential sub-lethal effects to consider is the maternal transfer
of ARs to progeny. Gabriel et al. (2012) described the neonatal transfer of AR in one
fisher kit (Martes pennant), who was still suckling when the mother died. The kit showed
trace levels of brodifacoum in liver tissue, but it was not associated with hemorrhaging
in any tissues or body cavities; therefore, the cause of death was determined to be acute
starvation and dehydration because of mother’s death. In birds, Fisher (2009) confirmed
the maternal transfer of ARs in hens administered with a single dose of brodifacoum at
0.5 mg/kg of body weight; hens laid eggs that had brodifacoum concentrations of up to
0.035 μg/g.
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8. INTERPRETING LIVER RESIDUE LEVELS AND EXPOSURE DOSES
As considered above, there is a high occurrence of ARs in the liver tissues in many
predatory species and in many geographical areas. Most studies have used animals
found dead in the wild and so it is only possible to estimate how many individuals died
because of their exposure and accumulation of ARs. There is still a lack of consensus
among researchers about how and if it is possible to determine AR levels in liver tissue
that are indicative of lethal poisoning. In general, the diagnosis of AR poisoning has been
performed by researchers on the basis of evidence of hemorrhage and the presence of
liver AR residues over a specific threshold level (0.1–1 μg/g) (Berny et al., 1997; Murray,
2011). That approach seems to be appropriate but is problematic both in terms of
considering hemorrhagic lesions and residue magnitude. Firstly, animals poisoned by
ARs do not always show macroscopic hemorrhage (Sarabia et al., 2008; Rattner et al.,
2011). Moreover, many predators die because of trauma (e.g. road kills, collision with
power lines or shooting) that may involve bleeding which can confound the
interpretation of an effect of ARs (Murray, 2011; Sánchez-Barbudo et al., 2012; LópezPerea et al., 2015). On the other hand, there seems to be a high degree of variability
among species and individuals in vulnerability to ARs, and so a probabilistic approach
has been proposed as an alternative to the establishment of a unique threshold level
(Thomas et al., 2011). For instance, based on this probabilistic approach, barn owls with
a liver summed SGAR concentrations of 50 ng/g, 90 ng/g, 130 ng/g and 180 ng/g may
have a 5%, 10%, 15% and 20% probability, respectively, of having been poisoned by
SGARs.
The development of such models or the establishment of threshold levels could
also require information from experimental studies in predators fed with contaminated
prey. Some laboratories have tested the secondary poisoning risk from SGARs by giving
poisoned prey to predators. For example, the risk posed by brodifacoum has been tested
in owls fed with poisoned mice or rats for up to 15 days. The owls under those
treatments consumed amounts of brodifacoum ranging from 0.046 to 0.184 mg and had
liver brodifacoum levels of 0.63–1.67 μg/g. In all tests, the owls showed signs of
poisoning such as internal hemorrhage and liver pallor and/or died. Clinical signs began
to occur after 1–21 days of exposure, and the earliest death occurred six days after the
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onset of the treatment (Mendenhall and Pank, 1980; Newton et al., 1990; Gray et al.,
1994).
The sub-lethal and lethal toxicity of bromadiolone has been studied in several
species of predators. Barn owls fed bromadiolone-contaminated rats for seven days had
an accumulated total dose of 1.12 mg and a mean bromadiolone blood concentration
of 13.25 μg/L at day 1 and 0.02 μg/L at day 7 post-treatment. Although none died, some
exhibited hemorrhages (Salim et al., 2014). In another experimental exposure of barn
owls, Mendenhall and Pank (1980) found that all the birds fed bromadiolone poisoned
rats died after 11 days, but tissue concentrations of bromadiolone were not analyzed in
that study. In carnivorous mammals, bromadiolone was also found to cause sub-lethal
and lethal effects; one red fox receiving bromadiolone in pheasants for 5 days containing
around 0.52 μg/g of bromadione in the liver showed longer prothrombin time and
partial activity of prothrombin time at day 20, and died 36 days after the onset of
exposure. That fox had 0.198 μg/g of bromadiolone in liver (Beklova et al., 2007). In
another survey, four foxes were fed for 2 or 5 days with water voles spiked with 200 μg
bromadiolone/vole, which is a concentration close to that measured in voles in the field.
The foxes did not die but two presented very severe external hemorrhages that required
administration of the antidote vitamin K1. At the end of the experiment, the foxes were
euthanized and bromadiolone concentrations in liver ranged from 2 to 2.54 μg/g (Sage
et al., 2010).
In the case of flocoumafen, barn owls fed for one day on poisoned mice
(containing 0.23 μg/g of flocoumafen in the liver) eliminated the compound in eight days
without any mortality or signs of altered blood clotting (Eadsforth et al., 1991). However,
other studies with barn owls fed flocoumafen-poisoned mice for 1–15 days described
the presence of hemorrhage at day 1 and mortality at day 5. Dead birds had liver
flocoumafen concentrations of 0.25–1.15 μg/g (Newton et al., 1994; Gray et al., 1994).
Difenacoum has been also tested in several studies. Barn owls fed with poisoned
mice and receiving a total dose of up to 0.1 mg of difenacoum showed sub-lethal
hemorrhages and elongation of the coagulation time between 6 and 23 days after
treatment (Mendenhall and Pank, 1980; Newton et al., 1990). Gray et al. (1994) studied
the exposure of difenacoum in barn owls and observed that one dead bird had 0.25 μg/g
of this AR in liver and showed internal hemorrhages.
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Finally for the SGARs, the risk of secondary poisoning from difethialone was
tested in barn owls. Three of barn owls ate poisoned rats during 54 days in three phases;
in phase 1 (1–20 days), owls received a dose of 0.05 mg/kg body weight (BW), in phase
2 (21–50 days) a dose of 0.16 mg/kg BW and in phase 3 (51–54 days) a dose of 0.13
mg/kg BW of difethialone. All barn owls survived phases 1 and 2, with signs of poisoning
(i.e. bleeding on the foot and dullness) manifest only in phase 2. The three owls died in
phase 3 showing internal hemorrhage after accumulative doses of 0.27, 0.36 and 0.39
mg/kg (Saravanan and Kanakasabai, 2004).
The risk to predators from FGARs is lower than for SGARs according to the results
of experimental studies. For instance, American kestrels exposed to an undetermined
amount of chlorophacinone during 21 days showed only hematomas on the pectoral
muscle, lung, liver and heart (Radvanyi et al., 1988). In a more recent study, clotting
times increased in American kestrels given 0.079 mg/kg body weight chlorophacinone
over a 7-day exposure period; a liver reference residue level associated with
coagulopathy was estimated at 0.076 mg/kg (Rattner et al., 2015). Barn owls with up to
10.14 μg/L of chlorophacinone in blood displayed hemorrhages, but no mortality
occurred (Mendenhall and Pank, 1980; Salim et al., 2014). Diphacinone is the other FGAR
tested in diurnal and nocturnal raptors. Golden eagles (Aquila chrysaetos) feeding on
diphacinone-poisoned sheep for 5–10 days showed longer prothrombin time, but no
mortality occurred after the consumption of up to 1.6 mg/ kg of diphacinone (Savarie et
al., 1979). In another study, great-horned owls (Bubo virginianus) and saw-whet owls
(Aegolius acadicus) exposed to an undetermined amount of diphacinone showed
changes in the coagulation time after 8 days of exposure, displayed hemorrhages and
died at 7–14 days (Howard et al., 1970). More recently, Rattner et al. (2011) estimated
the 7-day acute oral LD50 of diphacinone for American kestrels to be 96.8 mg/kg (95%
confidence interval 37.9–219 mg/kg). This value was 20 times lower than the LD50
estimated in Northern bobwhite quail (2014 mg/kg), which reveals a great variability in
the toxicity of diphacinone among bird species (Rattner et al., 2010). Diphacinone
concentration in liver of lethally or severely poisoned American kestrels was in the range
of 0.591–56.3 μg/g wet weight, while in those that survived to sub-lethal exposures this
was ≤0.280 μg/g (Rattner et al., 2011). Eastern screech-owls exposed to diphacinone
showed overt signs of intoxication at a single dose of 130 mg/kg of body weight, but in
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7-day feeding trials toxic effects occurred with diets containing as low as 2.15 ppm (dose
of 0.24 mg/kg body weight/day). In this study, two owls that died at 22.6 ppm of
diphacinone in diet had 1.26 and 1.29 mg/g of dipahcinone in liver. In a subsequent
study, Rattner et al. (2014a) concluded that coagulopathy can occur in owls with more
than 0.1 mg/kg of dipahcinone in liver.
Based on results of the toxicity assays carried out with barn owls and other
species, the scale of toxicity from the most to least toxic compound generally follows
this order: brodifacoum > bromadiolone > flocoumafen > difenacoum > difethialone >
diphacinone > chlorophacinone. The greater toxicity of SGARs compared to FGARs is
evident from their low LD50 and high persistence in the hepatic tissue of rodents and
their predators (Watt et al., 2005; Ishizuka et al., 2008). Brodifacoum, in particular, is
the compound with lowest LD50 for most species (Godfrey, 1985; Erickson and Urban,
2004; Valchev et al., 2008).
9. RISK OF SECONDARY POISONING IN HUMANS
The effects of some anticoagulants in humans are well known due to their use as
pharmaceuticals. Warfarin has been extensively used for antithrombotic therapy and
clinical human studies have also been conducted to establish a therapeutic dose of
diphacinone for its use on patients requiring anti-clotting medication (Eisemann and
Swift, 2006; Cavallari and Limdi, 2009). In the case of warfarin, the reported LD in
humans is 6.667 mg/kg (Yakkyoku, 1977). Human LD values have not been calculated for
other anticoagulants but clinical assays have established the therapeutic dose of
diphacinone in humans at 5–63 mg per day (Willis et al., 1953; Duff et al., 1953; Katz et
al., 1954).
Consideration of pharmaceutical use is not the purpose of this chapter, although
the available information can be of interest for the evaluation of the risk posed to
humans from the consumption of game containing ARs residues. This may result in
exposure in humans that is analogous to that in other predators and the consequences
have been assessed in some countries where game is commonly consumed.
In New Zealand, brodifacoum concentrations in wild boar (Sus scrofa) ranged
from 0.01 to 0.07 mg/kg in muscle and from 0.007 to 1.7 mg/kg in liver; in red deer
(Cervus elaphus) it was 0.02 mg/kg in muscle and between 0.01 and 0.03 mg/kg in liver
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and the liver concentration in goat (Capra hircus) was 0.01 mg/kg (Eason et al., 1999,
2001). Those studies highlighted that if humans had a similar LD50 for brodifacoum as
dogs (0.25 mg/kg; Toxnet, 2015), a 60-kg man would need to eat approximately 15 kg of
liver containing 1 mg/kg to achieve a lethal exposure level.
Diphacinone levels have been measured in the liver and muscle of several
domestic and wildlife species that can be consumed by humans. Pigs used for
diphacinone toxicity assays had diphacinone concentrations between 0.004 and 0.37
mg/kg in muscle and between 0.04 mg/kg and 3.22 mg/kg in the liver (Keith et al., 2009;
Fletcher, 2002; Fisher, 2006). In the field, wild boar exposed to diphacinone had
concentrations of 0–3.07 mg/kg in liver and 0–0.25 mg/kg in muscle (Pitt et al., 2005)
Several species of game birds have also been found to contain diphacinone residues in
their liver: residues were 0.09–0.18 mg/kg in Kalij pheasants (Lophura leucomelana)
(Spurr et al., 2003a, b), 0.23 mg/kg in ring-necked pheasant (Phasianus colchicus), and
up to 0.56 mg/kg in California quail (Callipepla californica) (Hegdal, 1985). It is important
to highlight the assays done by Pitt et al. (2011) who assessed the effect of cooking on
diphacinone residues in meat and the potential hazard for human consumers. In that
study, pigs were exposed to diphacinone baits designed to deliver doses of 3.5 and 7.4
mg/kg/day over two days. The resultant diphacinone wet weight concentrations in the
uncooked tissues of the pigs were 0.223–0.562 mg/kg in fat, 0.660–1.733 mg/kg in liver
and 0.048–0.209 mg/kg in muscle. After boiling, diphacinone was undetected in fat and
was present at concentrations of 0.910– 1.940 mg/kg in liver and 0.107–0.296 mg/kg in
muscle. Roasted tissue had mean concentrations of 0.648 mg/kg in fat, 1.116–2.335
mg/kg in liver and 0.132–0.348 mg/kg in muscle. The highest concentration of
diphacinone was detected in a roasted liver sample (3.650 mg/kg), which may indicate
that water loss during heating tends to concentrate diphacinone in samples.
Eisemann and Swift (2006) calculated several exposure scenarios for human
consumers based on maximum diphacinone residues in pig muscle (0.25 mg/kg), pig
liver (3.07 mg/kg), and game bird liver (0.56 mg/kg). Those authors concluded that a
person weighing 55 kg would need to eat 28.49 kg of pig muscle, 2.33 kg of pig liver or
12.77 kg of game bird liver to ingest a dose of diphacinone equivalent to that which
affects blood clotting in rats. In terms of potential risk to pregnant women, the ingested
amounts would be 5.50 kg, 0.45 kg or 2.46 kg, respectively, in to receive a dose
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equivalent to that which caused fetal reabsorption in rats. These exposure scenarios do
not seem likely to occur in a single day. However, the risk of such exposure should not
be totally discounted because ARs have much lower effective doses at repeated
exposures and because some SGARs are highly accumulative. Moreover, the potential
interaction with factors such as antithrombotic therapies should be considered as an
additional risk for the development of possible adverse drug interactions. Despite the
evidence of wide distribution of ARs in the environment (Gómez-Canela et al., 2014a;
2014b) and wildlife (Rattner et al., 2014b), there is a distinct lack of toxicepidemiological studies about the presence of AR residues in humans that is unrelated
to pharmacological use.
10.

SUMMARY
Anticoagulant rodenticides (ARs) are currently the most common pesticides and

biocides used to control rodents that pose economic and health problems for humans.
However, the long-term persistence of ARs in animal tissues, especially the secondgeneration anticoagulant rodenticides (SGARs), causes this type of compound to
bioaccumulate. This, in conjunction with the high toxicity of SGARs, poses consequences
for predatory species that are, otherwise, natural allies in this struggle against pest
rodents. The available information about rodenticide levels in the potential prey of
predators, including insects, reptiles, granivorous birds and rodents, can be used to
calculate expected bioaccumulation based on literature data on AR bioavailability,
excretion rate and tissue distribution under scenarios of continuous and sporadic
exposure to contaminated prey. The modeled results highlight the importance of
excretion rate as a key factor in determining whether an animal’s liver burden reaches
a level of concern in the case of sporadic exposures. The potential of ARs to
bioaccumulate explains the finding that 58% (2414 out of 4187) of predators analyzed
in field monitoring studies worldwide had detectable AR residues. This data compilation
reveals that specialist and generalist predatory birds have equal occurrence of AR
residues in liver (58%), but in the case of mammals, those more specialized on rodents
showed slightly higher occurrence of ARs (66%) than the generalist species (51%).
Diagnosis of lethal poisoning is usually based on the co-occurrence of ARs residues in
liver and signs of obvious hemorrhage, but AR levels associated with poisoning vary
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among species and individuals and the development of macroscopic bleeding is not a
constant finding in poisoned animals. Thus, it is difficult to establish a diagnostic
threshold level and a probabilistic approach of the dose-residue-effect relationships
seems more appropriate for this type of toxicant. With regards secondary exposure risk
in humans, the available information indicates a risk of exposure for game meat
consumers when hunted animals contain ARs residues, but at levels well below those
that are likely to be lethal. In summary, the fate and distribution of ARs need to be
monitored in depth using predatory species, including humans. The consequences for
the top-down regulation of rodent populations should be evaluated in greater detail and
considered as part of the regulation on use of this group of pesticides/biocides.
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Abstract
We studied the prevalence of anticoagulant rodenticides (ARs) in the liver of 344
individuals representing 11 species of predatory wildlife that were found dead in the
Mediterranean region of Spain (Catalonia and Majorca Island). Six different ARs
(brodifacoum, bromadiolone, difenacoum, flocoumafen, difethialone, warfarin) were
found in the liver of 216 (62.8%) animals and >1 AR co-occurred in 119 individuals
(34.6%). The occurrence of ARs was positively correlated with the human population
density. Catalonia and Majorca showed similar prevalence of AR detection (64.4 and
60.4%, respectively), but a higher prevalence was found in the resident population of
Eurasian scops owl (Otus scops) from Majorca (57.7%) compared to the migratory
population from Catalonia (14.3%). Birds of prey had lower levels of bromadiolone
than hedgehogs, whereas no difference was found for other ARs. The risk of SGAR
poisoning in wild predators in NE Spain is believed to be elevated, because 23.3% of
the individuals exhibited hepatic concentration of ARs exceeding 200 ng/g.

Keywords: Wildlife, ecotoxicology, pesticides, bioaccumulation, rodents.
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1. INTRODUCTION
The diet of many wild predators is based on rodents that are commonly the
target of campaigns for control or eradication with anticoagulant rodenticides (ARs),
which makes these predators susceptible to secondary poisoning by AR-contaminated
prey (Brakes and Smith, 2005; Sage et al., 2008; Rattner et al., 2014a). In the last
decades, several studies have been performed that reveal the prevalence of exposure
in non-target wildlife species at risk. The prevalence of AR residues in liver of diurnal
and nocturnal species of birds of prey ranged between 29-100% in the United States
(Stone et al., 2003; Murray, 2011), 23-92% in Canada (Albert et al., 2010; Thomas et
al., 2011), 10-38% in the United Kingdom (Newton et al., 1990; Shore et al., 2006), 14100% in France (Berny et al., 1997; Lemarchand et al., 2010) and 33-57% in Spain
(Sánchez-Barbudo et al., 2012). In some circumstances, predatory mammals have been
also found to be at high risk of AR poisoning, especially Mustelidae (Shore et al., 2003;
Gabriel et al., 2012) and Erinaceidae (Dowding et al., 2010). These monitoring studies
have been usually conducted in animals found dead, so it is likely that these data are
biased towards overestimation of ARs exposure. This chronic exposure implies a risk of
mortality (Ruder et al., 2011; Gabriel et al., 2012; Coeurdassier et al., 2014), that may
resemble the case of cyclodiene insecticides some decades ago (Walker and Newton,
1998).
Monitoring studies of ARs in wildlife show differences in the use patterns in
various geographic areas, and may reveal differences in sensitivity and
bioaccumulation among species. The development of the resistance by rodents to the
first generation ARs (FGARs) led to the development of second generation ARs (SGARs)
of very low LD50 and high persistence in the hepatic tissue of rodents and their
predators (Watt et al., 2005; Ishizuka et al., 2008). Some of these SGARs, such as
brodifacoum, have similar acute LD50 in mammals (0.16–25 mg/kg) and birds (0.2–
4.6mg/kg); but in other cases, such as for bromadiolone, mammals seem to be more
sensitive (0.49–25 mg/kg) than birds (81–261 mg/kg) (EPA, 2004). In terms of
toxicokinetics, hepatic half-life of ARs ranges in birds from 11.7 days (FGARs) to 155
days (SGARs) (Newton et al., 1994; Rattner et al., 2014b) and in mammals from 8 days
(FGARs) to 307 days (SGARs) (Veenstra et al., 1991; Nelson and Hickling, 1994;
Vandenbroucke et al., 2008).
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The diagnosis of AR poisoning in wildlife has been usually based on the
observation of haemorrhages and the detection of ARs in the liver (Berny et al., 1997;
Murray, 2011). Following these criteria, fatal incidences of AR poisoning of predators
and other non-target species have been documented in many countries around the
world (Walker et al., 2008; Albert et al., 2010; Gabriel et al., 2012; Christensen et al.,
2012; Sánchez-Barbudo et al., 2012). However, it is also known that in some cases the
animals poisoned by ARs do not develop macroscopic haemorrhages (Sarabia et al.,
2008; Rattner et al., 2010, 2011). Therefore, the establishment of a threshold level of
AR hepatic residues associated with toxicity and lethality would be essential for the
correct diagnosis of some cases, but again sensitivity may vary among species and
individuals. Thomas et al. (2011) have suggested a probabilistic model to calculate the
probability of becoming symptomatic as a function of AR residue concentrations. They
found than some species like great horned owl (Bubo virginianus) would have a 5%
probability of exhibiting signs of toxicosis with AR liver residues of 20 ng/g, which is
below the toxicity threshold suggested by Newton et al. (1999) at 100–200 ng/g (w.w.).
Recently, Rattner et al. (2014b) carried out an experiment to study the toxicokinetics
and the development of haemorrhages produced by diphacinone exposure in eastern
screech owls (Megascops asio) and they found signs of coagulopathy associated with
liver diphacinone levels exceeding 100 ng/g (w.w.).
In Spain, AR poisoning in wildlife has been observed after large-scale
treatments during population peaks of common voles (Microtus arvalis) in agricultural
areas (Sarabia et al., 2008; Olea et al, 2009; Vidal et al., 2009), and also in other areas
of Spain where ARs are regularly used against commensal rodents (Sánchez-Barbudo et
al., 2012). The present work focused on determining the prevalence of ARs in
predators from two highly populated areas in Spain, Catalonia and Majorca Island. The
study of these two areas permitted determination of differences in AR exposure
between island and mainland populations. Moreover, the study of different species of
diurnal and nocturnal birds of prey and mammals will be used to detect differences in
the distribution of AR levels between these groups that could reflect differences in
bioaccumulation and/or sensitivity.
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2. MATERIALS AND METHODS

2.1. Sample collection
We analysed liver samples of wild animals (n = 344) received by the Laboratory
of Toxicology of IREC between 2011 and 2013 corresponding to animals attended in
Wildlife Rehabilitation Centres (WRC) in the Majorca Island and Catalonia. This
sampling included seven species of birds of prey and two species of mammals. Birds
included barn owl (Tyto alba; n= 41), Eurasian eagle owl (Bubo bubo; n= 14), tawny owl
(Strix aluco; n= 27), Northern long-eared owl (Asio otus; n= 12), common buzzard
(Buteo buteo; n= 56), little owl (Athenea noctua; n=7), and Eurasian scops owl (Otus
scops; n=33). These species are widely distributed in Spain and frequently inhabit open
areas associated with towns and rural areas. Most are residents in Spain, and only the
mainland population of scops owl is mostly a sub- Saharan migrant (Martí and Del
Moral, 2003). Barn owl, common kestrel, eagle owl, tawny owl and long-eared owl
feed more frequently on small mammals. Common buzzard also feed on medium-sized
birds. Little and scops owls feed on invertebrates, mainly insects, but can also feed on
rodents. In summary, all the studied bird species include rodents in their diet (Martí
and Del Moral, 2003). The mammals studied include European hedgehog (Erinaceus
europaeus; n= 48) and Algerian hedgehog (Atelerix algirus; n= 106). The European
hedgehog is widely distributed across continental Spain, and eats earthworms,
gastropods, insects, reptiles, rodents and bird carcasses (Palomo et al., 2007). The
Algerian hedgehog is restricted to the warmest areas of the South and East of
continental Spain and it is introduced in Balearic Islands; preys on invertebrates and
occasionally on small vertebrates (mostly lizards) (Palomo et al., 2007).
All the animals were found dead or moribund. Necropsies were performed by
the veterinary staff of the wildlife rehabilitation centres from Catalonia and Majorca
and the presence of trauma, haemorrhages and non-clotted blood was recorded. Liver
samples were taken and immediately frozen at -20 ºC until AR analysis at the Spanish
Institute of Game and Wildlife Research (IREC).
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2.2. Rodenticide analysis
The analysis of ARs was carried out following the method described by SánchezBarbudo et al. (2012) with some modifications. Briefly, 1 g of liver was ground in a
mortar with 9 g of anhydrous sodium sulfate (Prolabo, Leuven, Belgium), then the
homogenate was transferred to a Teflon-capped 30 mL-glass tube and 20 mL of a
mixture of dichloromethane:acetone (70:30) (HiperSolv Cromanorm Gradient grade,
Prolabo, Leuven, Belgium) was added, horizontally shaken for 10 min and sonicated
for 5 min. The extract was filtered through a Whatman paper filter and collected in a
conical tube for solvent evaporation in a rotary evaporator. The extraction was
repeated with 5 mL of the solvent mixture, and the supernatant obtained was pooled
with the previous one. After solvent evaporation, the dry extract was dissolved in 2 mL
of dichloromethane:acetone (70:30). Then, this extract was cleaned-up in a solid phase
extraction (SPE) column filled with neutral alumina (SPE ALN 500 mg/3 mL, Upti-clean
Interchrom, Montluçon, France). The SPE column was conditioned with 5 mL of
dichloromethane and 10 mL of dichloromethane:acetone (70:30). The sample was
added to the column and washed with 3 mL of dichloromethane:acetone (25:75).
Finally, the anticoagulant rodenticides were eluted with 3 mL of methanol:acetic acid
(95:5) (Prolabo, Leuven, Belgium). The The solvent was evaporated under N2 flowand
the dry cleaned-up extract was reconstituted in 0.5mL of methanol and filtered
through a 13 mm-filter with a 0.2 μm Nylon membrane (Acrodisk, Pall, NY, USA).
Rodenticide analysis was performed by liquid chromatography coupled to mass
spectrometry with electrospray ionization source (LC–ESI-MS). The analytical system
was formed by Agilent 1100 series chromatograph and Agilent 6110 Quadrupole
LC/MS with a multimode source (MM). The nitrogen for ionization source was supplied
with a high purity nitrogen generator (Whisper 2-50, Ingeniería Analítica, Sant Cugat,
Spain). For the chromatography we used an Eclipse column XDB-C18 (4.6 × 12.5 mm, 5
μm). The injection volume was 30 μL. The chromatographic conditions of analysis
consisted in a gradient elution of two solvents (A: ammonium acetate 10 mM, pH:
6.03; B: methanol). The initial conditions were 35% A and 65% B, reaching 15% A and
85% B at min 5. This was maintained until min 10, returning to the initial conditions by
min 12. Then, column was stabilized with the initial conditions until min 15 before the
next sample injection. The flow rate was 1.2 mL/min. ARs were detected using
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negative ion monitoring with the following MM-ESI source settings. Nebulizer pressure
was set at 60 psi, drying gas flow was 4.8 L/min, drying gas temperature was 250 °C,
vaporizer temperature was 150 °C, capillary voltage was 2000 V, charging voltage was
1000 V, and fragmentation voltage varied among compounds (Table S1). Four ions
previously selected for each compound by means of analysis of complete scanning and
flow injection analysis of sequences (FIAS) of AR standards were monitored in SIM
mode. The limits of detection (LOD) of the studied ARs varied between 1–6 ng/g and
recovery values for the detected ARs were >70% (Sánchez-Barbudo et al., 2012).

2.3. Statistical analysis
The prevalence (% of positives) of each AR and the sum of them was compared
among species and geographical regions (Majorca vs. Catalonia) by means χ 2 tests with
Yates’ correction. In the case that the presence of each specific AR were independent
events in the population, we would expect that the co-occurrence of two ARs in the
studied animals expressed as the intersection of the percentages of prevalence of two
ARs (P(AR1∩AR2)) would be equal to the product of their individual prevalence values
(P(AR1)·P(AR2)) (Sokal and Rohlf, 1995). The observed frequency (Fobs) of positive cases
exhibiting combinations of two or more ARs were plotted against the expected
frequency (Fexp) of combinations calculated as the product of the percentages of
individual prevalence of AR as cited above for the intersection of probabilities of
independent events. Then, a linear regression between Fexp and Fobs was calculated to
detect with its slope the presence of biases towards the aggregation of compounds
(i.e. positive animals would tend to show more than one AR and the slope of the Fexp
vs. Fobs regression would be >1).
Total and individual concentrations of ARs in liver were log10-transformed to
obtain a normal distribution of the data (Kolmogorov-Smirnov test, p<0.05). Then, the
values in positive animals were compared among species or between birds and
mammals with General Linear Models followed by a post-hoc analysis with a Tukey
test. The association between the presence of liver AR residues and haemorrhages in
the animals was tested with data from Catalonia (where necropsy findings were more
accurately recorded) by Fisher exact probability tests. In order to test if the toxicity of
each AR could introduce a bias in the observed prevalence, we calculated the
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correlation between liver geometric mean of each AR and its LD50 (Toxnet-ChemIDplus,
2014). Moreover, the correlation between the population density of humans (INE,
2014) and the density of positives cases (number of positives cases/area) by
municipalities was calculated with a Rho Spearman test. Moreover, the relationship
between the number of animals with AR residues weighed by the number of animals
(scale weight variable) analysed in each municipality and the human population
density was studied with a Generalized Linear Model with a negative binomial error
structure and a log-link function. Finally, the percentage of animals with >200 ng/g of
the total ARs was calculated and compared among species or between birds and
mammals by means χ2 tests, because animals above this threshold have been
frequently considered as potentially poisoned by ARs (Berny et al., 1997; Newton et
al., 1999; Walker et al., 2008). The level of significance of the statistical tests was set at
p<0.05. All the analyses were carried out with IBM SPSS Statistics v.19.
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Table 1. Prevalence of anticoagulant rodenticides (ARs) and detected residue concentrations (ng/g) in liver of wild predators from Majorca Island and Catalonia (NE Spain).
Zone

Species

Majorca Island

Algerian hedgehog
Atelerix algirus
Scops owl
Otus scops
Barn owl
Tyto alba

Catalonia

Total

Algerian hedgehog
Atelerix algirus
European hedgehog
Erinaceus europaeus
Scops owl
Otus scops
Barn owl
Tyto alba
Tawny owl
Strix aluco
Eagle owl
Bubo bubo
Long-eared owl
Asio otus
Little owl
Athenea noctua
Common buzzard
Buteo buteo

n
104
26
19
2
48
7
22
27
14
12
7
56
344

ARs
n+
G-Mean
%+
%>200
59
73.0
56.7b
18.3
15
13.4
57.7*ab
0.0
16
233.7
84.2a
57.9
2
100abc
28
58.3bc
1
14.3*c
12
54.5bc
21
77.8ab
14
100a
7
58.3bc
5
71.4abc
36
64.3b
216
62.8

589.3
100.0
121.9
22.9
158.4
0.0
117.8
13.6
95.2
29.6
289.6
64.3
11.1
0.0
197.2
28.6
125.3
26.8
94.0
23.3

Warfarin
n+
G-Mean
%+ min-max
1
611.8
1

Bromadiolone
n+
G-Mean
%+
min-max
34
96.3
32.7
6-2548
5
9.8
19.2
2-44
10
37.8
52.6
9-180
1
50.0
13
27.1

1
0.3A

611.8
611.8

9
40.9
10
37.0
12
85.7
2
16.7
1
14.3
22
39.3
119
34.6B

53.8
78.8
2-1110

29.1
10-64
16.9
2-77
31.6
2-208
3.2
0-12
79.5
47.6
0-586
46.0
0-2548

Difenacoum
n+
G-Mean
%+
min-max
28 26.9
11.4
1-659
8
6.1
30.8
1-10
5
4.3
26.3
1-8
1
50.0
12
25.0

5
22.7
6
22.2
9
64.3
3
25.0
1
14.3
12
21.4
90
26.2C

Flocoumafen
n+
G-Mean
%+ min-max

2
7.7
1
5.3

6.4
3-10
38.2

33.3
8.3
0-672

6
12.5

7.4
1-29

8.3
1-198
5.2
1-84
31.3
1-281
9.8
1-53
2.0

2
9.1
7
25.9
4
28.6

66.8
14-299
7.4
0-118
32.6
5-90

1
14.3
7
12.5
30
8.7D

33.0

50.2
0-1921
12.2
0-1921

9.8
1-175
12.3
0-299

Brodifacoum
n+
G-Mean
%+
min-max
16
97.7
15.4
5-1533
8
11.6
30.8
3-22
15
86.2
78.9
2-839
2
100.0
24
50.0
1
14.3
7
31.8
17
63.0
13
92.9
4
33.3
5
71.4
26
46.4
138
40.1B

540.6
242-1206
43.4
3-1390
158.4
118.8
46-665
113.1
2-1582
190.4
24-2008
19.8
12-42
159.0
62-574
104.2
24-1356
81.9
2-2008

Difethialone
n+
G-Mean
%+
min-max
4
169.8
3.8
71-256

6
31.6

274.8
45-1101

2
4.2

23.8
4-142

2
9.1
4
14.8
3
21.4

1315.8
387-4463
170.3
93-430
88.6
35-200

3
5.4
24
7.0D

190.6
85-539
180.5
4-4463

n+ and +%: number and prevalence of individuals with AR residues, respectively. G-Mean: geometric mean. %>200: Percentage of individuals with >200 ng/g of ARs in liver.
a,b,c
Percentages with same small letter, not significantly different between species of the same zone (Chi-square test, p<0.05)
*
Percentages with significantly different between zone for the same species (Chi-square test, p<0.05)
A,B,C,D
Total percentages with same capital letter not significantly different between compound (Chi-square test, p<0.05)
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3. RESULTS
Residues of ARs were detected in 216 (62.8%) animals collected throughout
Catalonia and Majorca Island (Fig. 1). The six detected compounds were brodifacoum
(40.1%), bromadiolone (34.6%), difenacoum (26.2%), flocoumafen (8.7%), difethialone
(7%) and warfarin (0.3%), and differences in the occurrence among compounds were
significant (χ2= 167.7, p < 0.001; Table 1). The presence of a single AR was found in 97
(28.2%) samples, whereas 119 (34.6%) had combinations of more than one AR (two:
72; three: 30; four: 14; and five: 3). The regressions between Fexp and Fobs of AR
combinations were linear and with a slope > 1 in both birds (Fobs = 1.4843 · Fexp; r2=
0.940, p < 0.001) andmammals (Fobs=1.405 · Fexp; r2=0.965, p < 0.001) (Fig. 2). Both
study areas (Catalonia and Majorca Island) showed similar prevalence of positive cases
(64.4 and 60.4%, respectively). Differences in the prevalence of AR residues were
detected among species in Catalonia (χ2= 12.86, p < 0.001) and Majorca Island (χ2=
4.01, p= 0.045). Eagle owl (100%) and barn owl (84.2%) were the species (with n > 10)
with highest prevalence in Catalonia and Majorca Island, respectively (Table 1).
Geographical differences were studied with species sampled in both areas (barn owl
and scops owl) or with close relatives (Algerian and European hedgehogs). Scops owl
showed higher prevalence of ARs in Majorca Island (57.7%) than in Catalonia (14.3%;
χ2= 4.16, p= 0.041), but differences were not significant for barn owl (84.2 vs. 54.5%) or
hedgehogs (60 vs. 56.7%) (Table 1). The density of positive cases was positively
correlated with the density of human population by municipalities (rs=0.318; p <
0.001). The number of positive to AR residues weighed by the number of analysed
animals was also positively related to the human population density (Wald's χ2= 4.137;
p= 0.042).
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Fig. 1. Density of animals (individuals/10 km2) with residues of anticoagulant rodenticides in
the liver.

In terms of liver AR concentration in the positive animals, some differences
were found among species in Majorca Island (F2, 87=10.811, p < 0.001; Table 1), being
significantly lower in scops owl than in Algerian hedgehog and barn owl. In Catalonia,
long-eared owl showed the lowest residue levels of ARs in the liver (F7, 117 = 2.870, p=
0.008). The threshold of 200 ng/g of total ARs was exceeded by 23.3% of animals, with
the frequency being especially elevated in eagle owl (64.3%) and barn owl (34.1%,
grouped Catalonia and Majorca Island data) (Table 1). Six of the eight studied ARs
occurred in the liver at concentrations above the threshold of 200 ng/g (brodifacoum,
n= 38; bromadiolone, n= 20; difethialone, n= 12; difenacoum, n= 8; flocoumafen, n= 1;
warfarin, n= 1).

207

PhD Thesis – Jhon J. López Perea

R² Linear=0.940
Fobs=1.4843·Fexp

R² Linear=0.965
Fobs=1.405·Fexp

Fig. 2. Relationship between the expected (Fexp) and observed (Fobs) frequencies of individuals
exhibiting combinations of two or more ARs. Fexp was the intersection between prevalences of
different ARs calculated as the product of the percentages of prevalence of each AR when
considered as independent events. The slope > 1 in both linear regressions indicates that the
probabilities of joint presence of different ARs were nonindependent.

Liver AR levels in positive animals show similar distributions in birds and
mammals, but bromadiolone levels were greater in mammals (hedgehogs) than in
birds of prey (F1, 117 = 16.026, p < 0.001; Fig. 3). Among bromadiolone positive birds, 7%
showed >200 ng/g, whereas this threshold was exceeded by 31.3% of bromadiolone
positive mammals (χ2= 10.33, p < 0.0013; Fig. 3). The geometric means of AR levels in
positive animals were unrelated to LD50 values, although a non-significant negative
trend was observed in birds (rs= −0.7, p= 0.188; Fig. S1). The presence of haemorrhages
was slightly more frequent in animals with AR residues (33.1%) than in those without
ARs (22.2%), but the difference was not significant (Fisher test, one-tailed p= 0.101).
This difference in the occurrence of haemorrhages was more evident in hedgehogs
(30% vs. 10%, p=0.090).
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Fig. 3. Histograms of the distribution of second-generation anticoagulant rodenticide (SGAR)
residues in the liver of wild predators (birds and mammals) from NE Spain. The fitted lognormal curves, the geometric means and the percentages of individuals that exceed the
threshold of 200 ng/g for each compound and the sum of SGARs are shown.
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4. DISCUSSION
This comparative study of AR residues in the liver of predatory birds and
mammals in their mainland and island populations in NE Spain reveals some taxonomic
differences in concentrations of AR compounds. Interestingly concentrations of
bromadiolone were lower in birds than in mammals. In addition, the presence of AR
residues in wildlife was positively related with the human population density of the
studied areas, but comparing mainland and island populations we may conclude that
some intrinsic differences in the ecology of both subpopulations can be determinant to
explain the risk of exposure to ARs as we will discuss below.
The prevalence AR residues (62.8%) is similar to the frequency AR occurrence
found in a recent study (61%) with raptors from the Canary Islands (Ruiz-Suárez et al.,
2014), and is high in comparison to a previous study (38.7%) examining wildlife
collected over a larger geographic region in Spain (Sánchez-Barbudo et al., 2012). This
difference is probably associated with the higher density of human population of the
Mediterranean coast and the Canary Islands compared with other areas in central
Spain. The present data revealed a significant relation between AR occurrence in
wildlife and the density of human population, probably because of the extensive use or
ARs against commensal rodents in highly populated sites. Moreover, the coastal
agriculture of both areas, with numerous orchards where AR use can be frequent, can
also explain the high prevalence of AR residues in predators. Another aspect to
consider in the Balearic Island is the development of eradication campaigns of rodents
by using of ARs in small islands around Majorca to protect endemic reptiles and
nesting seabirds. Intensive aerial baiting campaigns have been carried out in Sa
Dragonera Island in 2011, which is close to Majorca, and in other Balearic Islands
located further like Cabrera Island (MAAMA, 2011; Mayol et al., 2012). However, these
rodent eradication activities in the Balearic Islands should not influence the present
data as our samples included dead or moribund animals collected from the main island
of Majorca, where there are not such eradication campaigns.
Brodifacoum, bromadiolone and difenacoum were the compounds most
frequently detected in this study, which is in agreement with most of the other
domestic animals and wildlife AR monitoring studies. For example, Berny et al. (2010)
reviewed data of a veterinary toxicology service of Belgium where bromadiolone,
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difenacoum, difethialone and brodifacoumwere the ARs most frequently detected in
the liver tissue of dogs. Similarly, brodifacoum and bromadiolone were the most
frequently detected compounds in the liver samples of nocturnal raptors from Canada
(Albert et al., 2010). Stone et al. (2003) also found that brodifacoum was the
compound most frequently present (84%) in birds of prey in New York (USA). In Great
Britain, brodifacoum was the most frequently detected AR in several nocturnal raptors
by Newton et al. (2000) while bromadiolone, followed by the difenacoum and
brodifacoum, was the most frequently detected in tawny owls by Walker et al. (2008).
In contrast to the high occurrence of detection of SGARs, the FGAR warfarin was
detected in only 1 of 344 samples. This difference reflects the greater frequency of use
and the hepatic persistence of SGARs compared to FGARs (Eason et al., 2002). The
higher hepatic persistence of SGARs compared to FGARs has been observed in species
like owls, which in experimental assays with diphacinone (FGARs) showed a liver halflife of 11.7 days (Eastern screech owls; Rattner et al., 2014b) compared to the SGAR
flocoumafen with a liver half-life > 100 days (Barn owls; Newton et al., 1994).
We observed that combinations of ARs accumulated in the liver of wildlife at
greater frequency than that expected from the interaction of the prevalence of the
individual compounds. This indicates that the predators with residues of one AR in the
liver tend to have accumulated other ARs. We have observed combinations of more
than one AR in 34.6% of the studied animals. Similarly, Ruiz-Suárez et al. (2014) found
more than one AR in 36.5% of raptors in Spain and Albert et al. (2010) in 41% of owls
from Canada. Several studies have found bromadiolone + brodifacoum as the most
frequent combination of ARs accumulated in the liver of wild birds (Stone et al., 2003;
Walker et al., 2008). These results support the bioaccumulative nature of SGARs, and
that predators often accumulate different compounds used within their home range
over extended periods of time. Especially because commercial products are not made
with combinations of different ARs.
Our exposure prevalence data can be compared with other studies carried out
in Europe and elsewhere with the same wildlife species. The prevalence in European
hedgehog in our study (58.3%) was similar than in UK (66.7%) (Dowding et al., 2010).
For common buzzard, the prevalence described herein (64.3%) was within the range of
other studies conducted in France (93.7%; Berny et al., 1997), the UK (37.5%; Shore et
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al., 2006) and previous studies in Spain (33%; Sánchez-Barbudo et al., 2012; 26.3%;
Ruiz-Suárez et al., 2014). Diet composition may explain some differences among
studies. In France, where the prevalence of ARs was the highest, the diet of common
buzzards was about 88% rodents (Butet et al., 2010). Another species commonly
included in AR monitoring studies has been the barn owl. The prevalence observed
here (84.2% in Majorca and 54.5% in Catalonia) is similar than the values obtained in
Spain (75%; Sánchez-Barbudo et al., 2012; 76.2%; Ruiz-Suárez et al., 2014). The AR
detection frequency in Spain is within the highest recorded for this species in the
world, comparable to the prevalence found in Canada (62%; Albert et al., 2010) and
higher than in the UK (10–52%; Newton et al., 1990, 2000; Shore et al., 2006) and
France (14.2%; Berny et al., 1997).
The sampling in Catalonia and Majorca Island had three species in common and
some difference in AR prevalence was observed. In the case of scops owl, a
significantly higher prevalence of ARs was found in Majorca (57.7%) in comparison
with Catalonia (14.3%). Scops owl population in Majorca has the particularity of being
resident in the island throughout the year, whereas most of the population in
Catalonia migrates to Africa to spend there the fall and winter seasons (SEO/ BirdLife,
2012). This would make the resident scops owl in Majorca more vulnerable to AR
exposure as the use of these compounds is probably more limited in Africa. Moreover,
the winter diet of the sedentary population in Majorca probably contains a higher
proportion of small mammals, because insects are less abundant in the cold season.
There are few dietary data of this species, but Marchesi and Sergio (2005) found that
in terms of prey items the scops owl in the Italian Alps fed mainly on invertebrates
(98.02% of prey), followed by small mammals (0.99%) and birds (0.25%). A slightly
greater prevalence of AR exposure was found in barn owls from Majorca (84.2%) than
in Catalonia (54.5%), but this difference was non-significant. In the case of hedgehogs,
the prevalence in both areas was similar in Catalonia and Majorca (56.7% vs. 58.3%,
respectively). The Algerian hedgehog in the Balearic Islands preys on small
invertebrates and occasionally small vertebrates (mainly lizards) (Palomo et al., 2007).
The European hedgehog eats earthworms, gastropods, beetles and other insects,
reptiles, rodents and bird carcasses (Palomo et al., 2007) and, as in some other
insectivorous mammals, they may directly consume AR baits (Dowding et al., 2010).
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Although the risk of lethal secondary poisoning by ARs through the consumption of
invertebrates exposed to baits seems to be low (Brooke et al., 2011, 2013), this could
be another source of exposure in both hedgehog species.
If we consider only the animals with liver AR residues in the present study, birds
have shown higher concentrations of most of the ARs, with the single exception of
bromadiolone, which tended to be present at higher levels in hedgehogs (Fig. 3).
Mammals might exhibit greater exposure to ARs than birds, because they could have
more access to baiting stations on ground than birds (Eason et al., 2002). However,
birds seem to be less sensitive to ARs than mammals, because they usually have
greater LD50 values than mammals (Eason et al., 2002). This could lead to higher
accumulations of ARs before death in birds than in mammals. However, this is not
clearly supported by data examining the relation between liver AR levels and LD50
estimates in birds (Fig. S1). This may be explained by the sample bias towards birds
lethally poisoned by the most toxic ARs.
In the present study, 23.3% of the animals exceeded the threshold of 200 ng/g
considered compatible with lethal AR poisoning (Berny et al., 1997; Newton et al.,
1999). In AR-exposed animals, this threshold was exceeded by 37.8% of birds and 36%
of mammals (Fig. 3). This value is similar to the percentage (34.8) of raptors that
exceeded the threshold in Spain (Ruiz-Suárez et al., 2014) and the percentage (11%) of
(positive) owls that likely died by AR exposure in the UK (Newton et al., 2000) and
Spain (34.9%) (Sánchez-Barbudo et al., 2012). Christensen et al. (2012) used the same
threshold in their monitoring study with birds of prey in Denmark and obtained similar
percentages of potentially lethal exposure in eagle owl (70%) and little owl (22.2%)
than in the present work (64.3% and 28.6%, respectively). Thomas et al. (2011)
constructed probabilistic models to relate the risk of lethal poisoning by SGARs with
the concentration detected in the liver of several species of birds of prey from North
America. Based on their model that takes into account the different susceptibility in a
given population, the barn owl could have a risk of lethal poisoning by SGARs of 5%
with a liver concentration of 50 ng/g, 10% with 90 ng/g, 15% with 130 ng/g and 20%
with 180 ng/g. This means that a significant risk of poisoning may exist at levels b 200
ng/g. In our study, we have only found a weak relationship between the presence of
AR residues in the liver and the presence of haemorrhages. This could be explained
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because in many cases animals with haemorrhages and elevated AR levels in liver
exhibit signs of trauma, so it was not possible to unequivocally relate the presence of
haemorrhages with ARs. In fact, it is known that poisoned animals can be more
susceptible to traumatisms (Fournier-Chambrillon et al., 2004; Elmeros et al., 2011).

5. CONCLUSIONS
Wild predators may be at risk of secondary poisoning by AR exposure because
residues of these highly toxic pesticides (mostly SGARs) were found in the liver of
62.8% of the specimens. The occurrence of multiple SGARs in the liver of predators
was detected at greater frequency than expected by the intersection of the prevalence
of exposure to single SGARs, which may respond to their bioaccumulation in top
predators after repeated exposures. This positive aggregation of different SGARs may
also indicate a certain bias due to a joint toxic effect in found dead predators. This high
occurrence has been positively correlated with the human population density of the
study area, probably because of the intensive use of these pesticides against
commensal rodents. Apart from the diet of the predators, other aspects of the ecology
of the species, like the migratory behaviour, can be determinant of the risk of AR
exposure frequency. In the case the scops owl, the migratory population of Catalonia
seems to be at lower risk of AR exposure than the sedentary population from Majorca
Island. Some differences in the accumulation of the different SGARs may exist between
birds and mammals, because birds tend to have lower levels of bromadiolone than
mammals, whereas the opposite trend was found for the rest of the compounds. In
conclusion, the risk of SGAR poisoning in wild predators in NE Spain seems to be
elevated as 23.3% of the individuals exhibit hepatic levels above the critical threshold
of poisoning (>200 ng/g).
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SUPPLEMENTARY MATERIAL

Table S1. ESI-MS parameters used for anticoagulant rodenticide analysis.
Compound

Fragmentation

Molecular

Monitored Ions (Da)

chromatographic

Voltage (V)

Mass (Da)

Brodifacoum

200

523.4

255.1

373

521.1

523.1

Group 2

Bromadiolone

250

527.4

250

525

527

529

Group 1

Chlorophacinone

400

374.8

145.1

201

373

375

Group 1

Diphacinone

350

340.4

116

167

339

340

Group 2

Difenacoum

200

444.5

293.1

399.2

443

444

Group 2

Diphetialone

200

539.5

459.3

497.1

537

539

Group 1

Flocoumafen

200

542.5

289

382.1

541

542

Group 1

Warfarin

150

308.3

161

250

307

637.3

Group 1

Groups
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Figure S1. Relation between the LD50 and the geometric mean of each compound by group.
Bromadiolone (BRO). brodifacoum (BRD). difenacoum (DIF). flocoumafen (FLO). difethialone (DFT).
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Abstract
The persistence and toxicity of second generation anticoagulant rodenticides (SGARs) in
animal tissues makes these compounds dangerous by biomagnification in predatory
species. Here we studied the levels of SGARs in non-target species of wildlife and the
environmental factors that influence such exposure. The analysis included liver samples
of terrestrial vertebrates (n=244) found dead between 2007 and 2016 in the region of
Aragon (NE Spain). The presence of SGARs was statistically analysed with binary or
ordinal logistic models to study the effect of habitat characteristics including human
population density, percentage of urban surface, livestock densities and types and
surface of crops. SGARs residues were detected in 83 (34%) of the animals and levels
>200 ng/g were found in common raven (67%), red fox (50%), red kite (38%), Eurasian
eagle-owl (25%), stone marten (23%), Eurasian buzzard (17%), marsh-harrier (17%), and
Eurasian badger (14%). The spatial analysis revealed that the presence of SGARs residues
in wildlife were more associated with the use of these products as biocides in urban
areas and cattle farms rather than as plant protection products in agricultural fields. This
information permits to identify potential habitats where SGARs can drive ecological
traps for predatory birds and mammals.
Keywords: non-target animals, anticoagulant rodenticides, biocides, ecological trap.
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1. INTRODUCTION
The development of new compounds and the evaluation of the cost (risk)-benefit
for their subsequent registration for use as biocides or pesticides have been continuous
during the last half century (Kleeberg et al., 2014). Active monitoring programs of
toxicovigilance have revealed negative environmental consequences of some registered
products that makes necessary their post-registration evaluation (Elliott et al., 2011). An
example of this are the anticoagulant rodenticides (ARs), which are compounds of high
toxicity in birds and mammals, and in some cases with high persistence in tissues (Horak
et al., 2018). The half-life (t1/2) of ARs in liver varies between 0.3-66.8 days for first
generation rodenticides (FGARs) and 28.1-350 days for second generation rodenticides
(SGARs) (Eason et al., 2002; Vandenbroucke et al., 2008; Horak et al., 2018). The
mechanism of action of ARs is produced by the inhibition of the enzyme vitamin K
epoxide reductase responsible of the maintenance of the adequate hepatic vitamin K
levels to produce coagulation factors II, VII, IX and X, which is exacerbated with repeated
exposure to ARs (Watt et al., 2005; Rattner and Mastrota, 2018). The capacity to
bioaccumulate and the high toxicity of ARs, together with the abundance of
contaminated rodents in the areas of treatment make these pesticides/biocides
especially suitable to drive ecological traps for predators.
An ecological trap is a situation in which organisms prefer a low-quality habitat over
superior habitats (Battin, 2004; Robertson and Hutto, 2006). It is known that animals
can select habitat according to cues of the environment that they associate with better
survival and reproductive success (Gilroy and Sutherland, 2007). This decision comes
from an adaptive election after an evolutionary process (Schlaepfer et al., 2002;
Robertson and Hutto, 2006; Robertson et al., 2013). However, sometimes the
environment changes suddenly and then these natural preferences can become a wrong
decision if the selected cues associated before with high quality habitats are now
associated with adverse environmental factors that affect individual fitness and survival
of the population (Remes, 2000; Schlaepfer et al., 2002). ARs are substances that may
drive ecological traps because there is a health risk at individual levels that can be
extrapolated to populations, but according to the ecological concept (Robertson et al.,
2013) there is a need to (1) identify the scenarios of AR use that can produce the highest
exposures in habitats positively selected by animals, (2) detect adverse effects on the
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health or fitness of the animals in the preferred habitats treated with ARs, and (3)
confirm the sink effect in the population of these ARs treated habitats.
Here we have studied the first point oriented to the identification of the main
scenarios of AR use that can drive ecological traps for predators. The following two
points will be discussed with the available information of AR levels associated with
adverse effects in birds and mammals, and with the available information on population
effects in focal species identified by their high AR exposure level. Regarding the
scenarios of high exposure to ARs, López-Perea et al. (2015) observed a positive
relationship between human population density and the presence of SGARs in wildlife
liver in Catalonia and the Balearic Islands. Moreover, Geduhn et al. (2015) described a
positive association between the presence of pig farms and exposure to ARs of red fox
in Germany. Nogeire et al. (2015) identified low-density development areas as the
largest source of exposures of kit foxes to SGARs in USA, through a spatially explicit,
individual-based population model, which included life history traits and kit fox ecology.
In Britain, Sainsbury et al. (2018) fount that SGAR concentrations in exposed polecats
were higher in arable compared to pastoral habitats. Recently, Hindmarch and Elliott
(2018) reviewed the ecological factors driving the uptake of ARs in predators and
concluded that the affected species are mainly nocturnal opportunistic predators for
which rodents are a key component in their diet, and they tend to live within landscapes
heavily influenced by human activities such as intensive agriculture and urbanization.
In this study we have used the monitoring data of ARs in wildlife collected in Aragon
between 2007 and 2016 to know if the presence of SGARs in non-target species is related
to their use in agriculture as pesticides or is associated with their use as biocides in urban
environments or livestock farms. These results have been discussed under the
perspective that habitats associated with AR exposure may act as ecological traps for
some species of predators.
2. MATERIALS AND METHODS
2.1. Sample collection
The study was conducted in Aragón, expanding over 47,720.3 km2 in NE of Spain,
with a population of 1,308,750 inhabitants and a density of 27.43 inhab./km² (Fig. 1).
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The central part of the area, the Ebro valley, is mostly devoted to agriculture and
intensive farming, and it is surrounded by the Pyrenees in the north and the Iberian
Mountains in the south and west. The surface devoted to agriculture is 1,285,489 ha and
the livestock production is composed by 7,047,770 pigs, 345,830 bovines, 1,736,400 sheep,
56,310 goats, 17,798 equines, and 5,213,858 laying hens (IAE, 2018).
Between 2007 and 2016, we received 244 animals from 49 species of reptiles (1),

birds (32) and mammals (16), including feral cats and dogs (Table 1). These animals were
found dead by Environmental Agents in the regions of Aragón (NE Spain) and submitted
to the Wildlife Rehabilitation Centre of La Alfranca (CRFSA) in Zaragoza. The animals
were necropsied by CRFSA veterinary staff and the presence of trauma, haemorrhages
and non-clotted blood was recorded. Liver samples were taken and immediately frozen
at -20 ºC until AR analysis at the Institute for Game and Wildlife Research (IREC).
2.2. Rodenticide analysis
Liver samples were analysed using the method described by López-Perea et al.
(2015). Liver (1 g) was ground in a mortar with anhydrous sodium sulphate (9 g)
(Pestinorm, Prolabo, Leuven, Belgium), then the homogenate was transferred to a
Teflon-capped 30 mL-glass tube and 20 mL of a mixture of dichloromethane : acetone
(70:30) (HiperSolv Cromanorm Gradient grade, Prolabo, Leuven, Belgium) were added,
horizontally shaken for 10 min and sonicated for 5 min. The extract was filtered through
a Whatman paper filter and collected in a conical tube for solvent evaporation in a rotary
evaporator. The extraction was repeated with 5 mL of the solvent mixture, and the
supernatant obtained was pooled with the previous one. After solvent evaporation, the
dry extract was dissolved in 2 mL of dichloromethane : acetone (70:30). Then, this
extract was cleaned-up in a solid phase extraction (SPE) column filled with neutral
alumina (SPE ALN 500 mg/3mL, Bond Elut Agilent, Santa Clara, USA). The SPE column
was conditioned with 5 mL of dichloromethane and 10 mL of dichloromethane : acetone
(70:30). The sample was added to the column and washed with 3 mL of dichloromethane
: acetone (25:75). Finally, the ARs were eluted with 3 mL of methanol : acetic acid (95:5)
(HiperSolv Cromanorm Gradient grade, Prolabo, Leuven, Belgium). The solvent was
evaporated under N2 flow and the dry cleaned-up extract was reconstituted in 0.5 mL of
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methanol and filtered through a 13 mm-filter with a 0.2 μm Nylon membrane (Captiva
Econofilter, Agilent, Santa Clara, USA).
Rodenticide analysis was performed by liquid chromatography coupled to mass
spectrometry with electrospray ionization source (LC-ESI-MS). The analytical system was
formed by Agilent 1100 series chromatograph and Agilent 6110 Quadrupole LC/MS with
a multimode source (MM). The nitrogen for ionization source was supplied with a high
purity nitrogen generator (Whisper 2–50, Ingeniería Analítica, Sant Cugat, Spain). For
the chromatography we used an Eclipse column XDB-C18 (4.6 x 12.5 mm, 5 µm). The
injection volume was 30 μL. The chromatographic conditions of analysis consisted in a
gradient elution of two solvents (A: H2O with formic acid (0.1%); B: acetonitrile with
formic acid (0.1%). The initial conditions were 25% A and 75% B, reaching 0% A and 100%
B at 8 min and returning to the initial conditions by min 9. Then, column was stabilised
with the initial conditions until min 10 before the next sample injection. The flow rate
was 1.2 mL/min. ARs were detected using negative ion monitoring with the following
MM-ESI source settings. Nebulizer pressure was set at 60 psi, drying gas flow was 4.8
L/min, drying gas temperature was 250 °C, vaporizer temperature was 150 °C, capillary
voltage was 2000 V, charging voltage was 1000 V, and fragmentation voltage varied
amongst compounds. Four ions previously selected for each compound by means
analysis of complete scanning and flow injection analysis of sequences (FIAS) of ARs
standards were monitored in SIM mode. The limits of detection (LOD) of the studied ARs
varied between 0.05-0.24 ng/g. The recovery of the analytical procedure was calculated
with three replicates of chicken liver (1 gr) spiked with 200 ng of a mixture of five
compounds (1 ng/µL). Recovery values for the detected ARs were bromadiolone 92.3%
(RSD 23%), brodifacoum 77.4% (RSD 26.3%), difenacoum 70.61% (RSD 9.3%) and
flocoumafen 76.6% (RSD 16.9%).
2.3. Statistical analysis
The prevalence of exposure to ARs was calculated for each species as the percentage
of animals with residues detected in liver. The percentage of individuals potentially killed
by AR poisoning was calculated with those animals showing haemorrhagic lesions not
caused by traumatisms and with >200 ng/g of ARs in liver. This threshold level of toxicity
has been used in previous studies and associated with 22% of probability of toxicity in
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barn owl (Tyto alba) (Thomas et al., 2011). The variables evaluated as environmental
descriptors of the presence of ARs in animal liver at the municipal level were those
related to human population density, percentage of surface area occupied by urban
habitat (continuous and discontinuous), percentage of agricultural surface (total and
irrigated), density of livestock (bovine, ovine, caprine, porcine, equine, avian and
livestock units). The response variable used was the presence of ARs in liver (0.1), the
concentration grouped into three ranges (0, 0.1-200, >200) or the diagnosis of AR
poisoning (0.1). The generalized linear models used had a binary logistical response (or
ordinal in the case of the three concentration ranges). The studied models were selected
according to Akaike's information criteria. Those models with significant descriptor
variables and those showing a ΔAICc <1 were selected to explain the presence of ARs in
animals (i.e. more restrictive than the usual value of 2 to avoid a large number of
models). Analyses have been performed with the IBM® SPSS® Statistics version 24.
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Table 1. Presence and concentrations of second generation anticoagulant rodenticides in
wildlife from Aragon (NE Spain).
Exposure prevalence

Species

n

++

(%)

Testudo hermanni

1

0

0

Eurasian griffon

Gyps fulvus

42

8

Bearded vulture

Gypaetus barbatus

9

Egyptian vulture

Neophron percnopterus

Short-toed eagle

Concentration (ng/g)
Mean

SE

Min

Max

19

21

9

2

80

2

22

19

19

0

38

3

2

67

133

109

24

242

Circaetus gallicus

2

1

50

22

Bonelli’s eagle

Aquila fasciata

1

0

0

Golden eagle

Aquila chrysaetos

5

0

0

Black kite

Milvus migrans

6

2

33

79

54

25

132

Red kite

Milvus milvus

13

10

77

500

168

53

1800

Marsh harrier

Circus aeruginosus

6

6

100

266

193

5

1220

Eurasian buzzard

Buteo buteo

6

3

50

214

143

10

490

Honey buzzard

Pernis apivorus

1

0

0

Eurasian sparrowhawk

Accipiter nisus

1

0

0

Lesser kestrel

Falco naumanni

7

0

0

Common kestrel

Falco tinnunculus

1

0

0

Long-eared owl

Asio otus

3

2

67

52

32

20

83

Eurasian eagle-owl

Bubo bubo

8

5

63

279

162

17

830

Tawny owl

Strix aluco

1

0

0

Little owl

Athene noctua

1

1

100

56

Common barn owl

Tyto alba

5

3

60

53

37

5

126

White stork

Ciconia ciconia

2

1

50

7

Common crane

Grus grus

1

0

0

Mallard

Anas platyrhynchos

1

0

0

Yellow-legged gull

Larus michahellis

2

1

50

Red-legged partridge

Alectoris rufa

2

0

0

Rock dove

Columba livia

4

0

0

Wood pigeon

Columba palumbus

1

1

100

4

Eurasian collared dove

Streptopelia decaocto

8

1

13

20

Magpie

Pica pica

1

1

100

2

Common raven

Corvus corax

3

3

100

316

129

157

570

Common starling

Sturnus vulgaris

1

0

0

REPTILES
Hermann's tortoise

1

BIRDS

169
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Exposure prevalence

Species

n

++

(%)

Concentration (ng/g)
Mean

SE

Min

Max

870

360

510

1230

House sparrow

Passer domesticus

1

0

0

Common blackbird

Turdus merula

1

0

0

White-toothed shrew

Crocidura russula

1

0

0

European hedgehog

Erinaceus europeaus

3

0

0

Eurasian badger

Meles meles

14

2

14

European polecat

Mustela putorius

1

0

0

Neovison vison

4

1

25

79

59

2

253

Stone marten

Martes foina

26

15

58

1522

1177

1

17900

European pine marten

Martes martes

1

0

0

Eurasian otter

Lutra lutra

2

0

0

Canis familiaris

8

1

13

103

Vulpes vulpes

10

6

60

1259

779

4

5810

Felis catus

12

2

17

161

19

142

180

Wild cat

Felis silvestris

2

0

0

Common genet

Genetta genetta

6

3

50

48

28

12

102

Red squirrel

Sciurus vulgaris

2

0

0

European water vole

Arvicola terrestris

1

0

0

Common vole

Microtus arvalis

1

0

0

MAMMALS

American vison

Dog

1

2

Red fox
Cat

2

1

Non-native species in Aragón.

2

Feral animals
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3. RESULTS
The presence of SGARs has been detected in 25 of the 49 species analysed (Fig. 1;
Table 1). Among the species with the most representative samples (n>6) we find several
in which more than 50% of the individuals present SGAR residues in liver: eagle owl, red
kite and western marsh-harrier, among birds; and stone marten and red fox, among
mammals. Moreover, some individuals of Eurasian badger, American mink, common
buzzard, Egyptian vulture and common raven have shown SGAR levels above 200 ng/g
in liver, a level associated with a significant risk of adverse effects of SGAR on blood
clotting (Fig. 2).

Urban Surface (%)

Human density (habitants/km2)

Cattle density (individuals/km2)

Rodenticides in liver (ng/g)
ND
0.1-200
>200

Fig. 1. Left: Distribution of the cases analysed and the concentrations detected in liver grouped
into three categories (ND (non-detected), 0.1-200 and >200 ng/g). Right: Maps of the three
variables of Aragon's territory spatially related to the presence of anticoagulant rodenticides in
the liver of the analysed animals: continuous urban surface (%), density of human population
(habitant/km2) and density of bovine cattle (animal/km2).

The percentage of individuals of these species with more than 200 ng/g of SGARs
in liver varies between 17% of common buzzards and western marsh-harrier to 67% of
common raven (Fig. 2). All of them could be used as focal species to monitor the effect
of the use of these pesticides/biocides in rural and urban environments. It is especially
remarkable that 2 (22%) of the 9 bearded vultures analysed had SGAR residues
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(bromadiolone, brodifacoum and difenacoum) in liver. In Fig. 3, we can see that
brodifacoum is the SGAR detected with the highest concentration in the liver, followed
by bromadiolone. On the other hand, SGAR levels are generally slightly higher in
carnivorous mammal species than in birds of prey.

50%
17%
17%

23%

38%
14%
25%
67%

Potential focal species

Fig. 2. Concentrations of the sum of second generation anticoagulant rodenticides in the liver of
mammals (red bars) and birds (green bars) of Aragon. The values include only the levels
detected. The box diagrams represent the median, 25-75 percentiles and minimum-maximum
values. The dotted line indicates the threshold of 200 ng/g associated with signs of intoxication
and next to each bar shows the percentage of individuals above that threshold of the total
analysed for each species.
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Fig. 3. Concentrations of four second generation anticoagulant rodenticides in the liver of
mammals (red bars) and birds (green bars) of Aragon. The values include only the levels
detected. The box diagrams represent the median, 25-75 percentiles and minimum-maximum
values. The dotted line indicates the threshold of 200 ng/g associated with signs of intoxication.

The selection of the best model based on Akaike's information criteria indicates that
the group of species (carnivores > birds of prey > others), urban surface (% in the
municipality) and density of cattle (bovine/km2) are the variables that best determine
the presence of SGARs in the animals analysed (Table 2). It must be noted that the
variables relating to different types of agricultural uses (including intensive orchards)
and irrigated land did not determine the occurrence of ARs, as well as other types of
intensive livestock farming (pork, poultry, rabbit) that in principle could be associated
with a frequent use of SGARs. Other models with a ΔAICc of less than 1 also include the
variables of human density (inhabitant/km2) and livestock farm density (n/km2) (Table
2). Considering as a response variable a categorization of exposure in <0 ppb
(unexposed), 0.1-200 ng/g (exposed to probably sublethal levels) and >200 ng/g
(exposed to potentially lethal levels) the best adjusted models are those that include the
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same variables as the previous one. In Fig. 1 we can see this similarity in the distribution
pattern of animals with SGAR residues and the continuous urban surface, human
population density and cattle density.
Table 2. Generalized linear models with a binary or ordinal logistic response explaining the
presence of second generation anticoagulant rodenticides in wildlife from Aragon.
Predictors (p values, β±ET)

AICc

Dependent variable. Presence of ARs in liver
Animal group (p=0.010) + Urban surface (p=0.032, β=0.157±0.073)

241.91

Animal group (p=0.014) + Cattle density (p=0.040, β=0.0100±0.0051)

242.17

Animal group (p=0.012) + Human density (p=0.166, β=0.0010±0.0007) + Cattle density

242.36

(p=0.059, β=0.0100±0.0051)
Animal group (p=0.010) + Human density (p=0.120, β=0.0010±0.0007) + Nº of farms

242.45

(p=0.062, β=0.171±0.091)
Animal group (p=0.010) + Urbano surface (p=0.216, β=0.106±0.086) + Cattle desnity

242.74

(p=0.266 β=0.0070±0.0059)
Animal group (p=0.013) + Nº of farms (p=0.056, β=0.175±0.091)

242.77

Dependent variable. ARs levels in liver: 0, 0-200, >200 ng/g
Animal group (p=0.005) + Cattle density (p=0.025, β=0.011±0.005) + Human density

324.99

(p=0.114, β=0.0010±0.0006)
Animal group (p=0.007) + Cattle density (p=0.016, β=0.012±0.005)

325.06

Animal group (p=0.005) + Urban surface (p=0.013, β=0.174±0.070)

325.08

Animal group (p=0.005) + Cattle density (p=0.175, β=0.008±0.006) + Urban surface

325.32

(p=0.145, β=0.119±0.082)
Dependent variable. Poisoning: No, Yes
Animal group (p=0.039) + Human density (p=0.022, β=0.0020±0.0007)

194.07

Animal group (p=0.036) + Human density (p=0.0.024, β=0.0020±0.0007)+ Cattle density

195.10

(p=0.295, β=0.0070±0.0063)

4. DISCUSSION
Exposure to ARs focuses on the last two decades part of the research in wildlife
ecotoxicology around the world (Van den Brink et al., 2018). Although SGARs have not
been considered as classical persistent organic pollutants, their presence in tissues of
most individuals of numerous animal species means that, for the future, they should be
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taken into account as compounds with an important bioaccumulation and
biomagnification capacity (Horak et al., 2018; López-Perea and Mateo, 2018).
This study shows that certain species of carnivores and birds of prey are highly
exposed to SGARs during their lifetime. Among the carnivores, species that prey on
rodents and live around of farms or urban areas like stone martens and red foxes are
frequently exposed to SGARs. Among the birds of prey there are several species with a
high degree of exposure and these can be either specialists with a diet based on rodents
or opportunistic scavengers. A recent meta-analysis have shown that in secondary
exposures the birds with generalist and specialized feeding behaviours had similar
prevalence of exposure to ARs, but the generalist ones had higher concentrations in
liver. In the case of mammals, both prevalence and concentrations of ARs in liver were
higher in generalist predators than in those specialized on rodents (López-Perea and
Mateo, 2018). This probably highlights the importance of the exposure to poisoned
rodents in generalist and opportunistic predators that include carrion in their diet. In
both cases, this can be linked to the proximity of farms or urban areas where this food
is abundant and rodenticide treatments are frequent (Hindmarch and Elliott, 2018).
In previous studies, the prevalence of AR residues in red fox has been between 39%
in Spain (Sánchez-Barbudo et al., 2012) and 88% in France (Berny et al., 1997; Sage et
al., 2010), so the value detected in Aragon is in this same range. Among mustelid species
is also common to detect in a high percentage of animals AR residues. We can highlight
a prevalence of 79% in fisher (Martes pennanti) from USA (Gabriel et al., 2012), 97% in
stoat (Mustela erminea) and 96% in least weasel (Mustela nivalis) from Denmark
(Elmeros et al., 2011), 67% in feral ferret (Mustela furo) from New Zealand (Alterio,
1996; Murphy et al., 1998; Spurr et al., 2005), and 31% in Western polecat (Mustela
putorius) from the United Kingdom (Shore et al., 1996, 1999, 2003). In the present study
in Aragón, we detected a prevalence in stone marten of 58%, identical to that previously
detected in Spain (Sánchez-Barbudo et al., 2012).
Among the diurnal birds of prey, it is especially relevant the high prevalence of
exposure detected in the red kite. Here we observed a prevalence of 77%, similar to
those detected in studies carried out in France (61%; Berny and Gaillet, 2008;
Coeurdassier et al., 2014), Spain (88%; Sánchez-Barbudo et al., 2012) and the United
Kingdom (70%; Hughes et al., 2013; Shore et al., 2005; Walker et al., 2008). This
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comparison can be extended to the rest of the species and we would find that in a
consistent manner, the various studies carried out identify Eurasian eagle-owl, Eurasian
buzzard and Marsh harrier as vulnerable species given their high prevalence of exposure
to ARs (see review in López-Perea and Mateo, 2018).
The possibility of having focal or bioindicator species on which focusing the
monitoring of exposure to SGARrs is important to obtain robust data that could be
compared over time or on a spatial scale. The red fox may be in this case a highly suitable
species for monitoring exposure to SGARs among wild carnivores, given that it is widely
distributed over large areas of the planet and has a generally high level of exposure to
ARs (Berny et al., 1997; Geduhn et al., 2015). Mustelids would be another group to
consider in monitoring studies (Fournier-Chambrillon et al., 2004), especially some of
them such as the stone marten, which is common in farms and villages where ARs are
frequently used. American mink and raccoon, two invasive species in Europe and
subjected to eradication plans are also good candidates to perform monitoring
programs of ARs in small-medium predators (Sánchez-Barbudo et al., 2012; Ruiz-Suárez
et al., 2016). In relation to the birds of prey or scavengers, those that can feed on
poisoned rodents are the most sensitive, either when these rodents are sick or already
dead as a result of the AR ingestion (Hindmarch and Elliott, 2018). The red kite is
probably one of the most specialized birds of prey feeding on dead small animals and in
which the use of ARs has had a clearer impact (Hughes et al., 2013; Coeurdassier et al.,
2014).
This study has allowed us to identify the environmental factors that favour the
presence of AR residues in wildlife animals in a Spanish region with a medium density of
human population and mainly devoted to agriculture and livestock production. In a
previous study carried out with samples from Catalonia, a region adjacent to Aragon and
more densely populated and industrialized, we could see that the presence of SGARs in
the animals studied was positively related to the human population density of the
municipalities (López-Perea et al., 2015). Other studies also point to high exposure to
ARs in urban areas (Riley et al., 2007), especially in areas of low-density development
formed by single-family houses (Nogeire et al., 2015). On the other hand, studies carried
out in Germany have shown that the density of livestock, specifically pigs, is also
positively related to the presence of rodenticides in predators (Geduhn et al., 2015), and
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the same relationship was also found in the United Kingdom (Shore et al., 2006). In this
study we have observed the highest prevalence and concentrations of ARs in predators
in places where there is a high human population density, like the city of Zaragoza, and
in areas with a high cattle density. On the contrary, we have not observed any
association between the presence of SGARs in animals and the agricultural activity,
which indicates that the use of these products as pesticides is limited in Aragón in
comparison with other areas of Spain, where they are used to combat common vole
(Microtus arvalis) pests (Vidal et al., 2009; Martínez-Padilla et al., 2017), or in France,
where they are used against water vole (Arvicola tesrrestris) (Coeurdassier et al., 2014).
Moreover, it is necessary to remark that for the cases of intoxication (i.e. with signs of
haemorrhage and presence of SGARs in the liver >200 ng/g), the main descriptor has
been the human population density, which can either indicate that the use of ARs is
more persistent (Hindmarch and Elliott, 2018) or, alternatively, that cases of lethal
secondary poisoning of predators can be more easily detected in populated areas.
Among persistent biocides, ARs are especially dangerous because of their low LD50
and their accumulative effect on the depletion of vitamin K storage (Rattner and
Mastrota, 2018). This makes ARs capable to generate a scenario that can be defined as
an ecotoxicological trap, it is an ecological trap driven by a toxic substance. First of all,
an ecological trap occurs when the selection of habitat developed by a species based on
cues used to identify a good environment may result in a wrong choice for the individual
and its population (Battin, 2004; Gilroy and Sutherland, 2007; Robertson et al., 2013).
Predatory species have been evolutionarily attracted to feed and even to make
reproductive investments in sites and moments with high availability of food resources
as can be habitats with high rodent density (i.e. farms or urban areas), or during peak
populations of rodent species (i.e. agricultural fields) (Hindmarch and Elliott, 2018). This
scenario can change into an ecological trap when ARs are used because the delayed
mechanism of action of ARs introduces a negative parameter that cannot be identified
a priori by predators. The situation can be even worse, because the poisoned rodents
can be more easily consumed by predators, so the use of ARs can introduce another
positive cue for raptors.
Ecological trap theory suggests that, under most circumstances, the presence of a
trap in a landscape will drive a local population to extinction (Battin, 2004). One of the
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birds of prey most affected by exposure to SGARs in Spain and the rest of Europe is the
red kite. In Spain, the wintering population declined by 50% in ten years, from 66,23572,165 individuals in 1994 to 35,523-36,233 individuals in 2004. In the case of the
breeding population, the decline was 40-46%, from 3,333-4,054 individuals in 1994 to
1,994-2,176 in 2004. In the case of Aragón, the decline was 34.3% in the wintering
population and 35% in the breeding population (Cardiel, 2006). Ten years later, in 201314 the wintering population in Spain rose to 50,297 individuals, which represents an
increase of 42% over the previous census of 2004, but still 24% lower than in 1994
(Molina, 2015). Several factors can be involved in the decline of the red kite in Spain,
mostly illegal poisoning of predators (Villafuerte et al., 1998); and secondary poisoning
by ARs (Viñuela et al., 1999). Population outbreaks of common vole (Microtus arvalis) in
the Northern Plateau of Spain have occurred in 1978, 1983, 1988-89, 1993, 1997 and
2007 (Luque-Larena et al., 2013), and large-scale treatments with ARs in the last one
(chlorophacinone and bromadiolone; Vidal et al., 2009) produced mortalities in nontarget species (Sarabia et al., 2008; Olea et al., 2009). Mougeot et al. (2011) reported
population declines of red kite between 2004 and 2008 in areas of the Northern Plateau
with high and moderate densities of voles (-42.4% and -27.1%, respectively), whereas in
areas with low density there was a population increase of red kite (+28.5%). In other
parts of Europe the red kite can be also affected by the use of ARs. In Scotland, 70% of
red kites found dead (n=114) were had residues of AR in liver and 10% died as a result
that exposure (Hughes et al., 2013). In France, high quantities of bromadiolone baits
were used in 2011 to control an outbreak of water voles, and in the following months
28 red kites and 16 Eurasian buzzards were found dead in the treated area (Coeurdassier
et al., 2014).
5. CONCLUSIONS
SGARs were detected in more than 50% of the species analysed and individuals of
eight of these species, red kite, western marsh-harrier, common buzzard, eagle owl,
common raven, stone marten, Eurasian badger and red fox had levels of SGARs >200
ng/g in liver associated to adverse effects. Generalist species widely distributed, like the
red fox, can be used as a focal species for SGARs exposure monitoring. In the region of
Aragón, the presence of SGARs in predators was more associated with the use of these
239

PhD Thesis – Jhon J. López-Perea
products as biocides in urban areas or cattle farms rather than as plant protection
products in agricultural fields. We suggest that the concept of the ecological trap should
considered in the regulation of pesticides and biocides, given that the scenarios that can
occur in the field with certain species are very different from what can be assessed under
laboratory conditions. Species adapted to exploit abundant resources can get into
conflict with pesticide use in cases like ARs, which are bioaccumulative in animal tissues
and highly toxic. On the other hand, the concept of an ecological trap can be useful for
designing new strategies to control pest, invasive or harmful species, including rodents.
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With this PhD research, I have attempted to develop several field and analytical
tools that help us to understand and identify the presence and operation of ecological
trap for birds associated to environmental pollutants in two different scenarios. In the
first one I integrated field and lab research with living animals to study the possibility
that wetland receiving effluents from WWTPs could be acting as an ecological trap,
because their high productivity and attractiveness for birds would be accompanied by a
high exposure to chemical pollutants and pathogenic bacteria. In the second one I have
studied the exposure to anticoagulant rodenticides in predators in Spain and
determined factors that enhance the risk of exposure and could to lead to predators to
fall in an ecological trap by this type of biocides/pesticides. The outputs of this study
have important implications for future effective and sustainable use of effluents of
WWTPs into wetland and for the application of biocides and pesticides in rural and urban
areas to meet some objectives in the conservation of the biodiversity.

The use of effluent from WWTPs on wetland and the consequences for wildlife
The use of effluent from WWTPs with different purposes is becoming a common
practice under a perspective of global water shortage. Irrigation and aquiculture are
some of the uses of this treated water, but in particular, in thesis I was interested in the
use of these effluents in wetlands. Artificial or natural wetland have emerged as a viable
alternative for helping to solve water shortage and quality problems, either as a final
destination of the effluents, as tools for recovery and maintenance of the ecosystem or
as a natural treatment given that wetlands also contribute in the tertiary treatment of
the water (Pescod, 1992; Kadlec and Wallace, 2009). These wetlands receiving effluents
from WWTPS have become increasingly popular around the world since the concept was
introduced in the early 1970s, so WWTP wetland now exceeds more than 600 in Unites
State of America and 500 in Europe (Cole, 1998; Andersen et al., 2003).
These wetlands have proved to be very useful for the conservation of several
aquatic species, as for example the white-headed Duck (Oxyura leucocephala), which is
an emblematic waterbird species declared endangered in the red list IUCN. Its
population in Spain dropped to the dramatic figure of 22 individuals in 1977 (TorresEsquivias, 2009), but now the population is almost recovered in part inhabiting in this
ecosystem. This bird has demonstrated a preference for wastewater wetlands (Hadad
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and Moyal, 2007), and in Navaseca Pond, one of our study areas of this thesis, it is
possible to find white-headed ducks throughout the year. WWTP wetlands appear to be
a good option for many aquatic species, but it is not always like that, because in many
cases living in these ecosystems have serious consequences on the survival of the birds.
Parallel to the increase of the use of the effluents from WWTPs, there is an increasing
interest to study the quality of these effluents. This research have been demonstrated
that in many cases the treatment received by this effluent is not enough for eliminating
all type of toxic substances present in sewage and the presence and accumulation of
these pollutants in the wetland can be harmful for the biodiversity. There is a wide
catalogue of toxic substances found in WWTP wetland, including persistent organic
pollutants, heavy metals and metalloids, antibiotics, antidepressants, antiinflammatories (Pérez-Cid et al., 2001; Markman et al., 2011; Martínez Bueno et al.,
2012; Bean et al., 2014). In addition, several types of pathogenic bacteria have been also
detected in these environments and subsequent diseases outbreaks occur in them.
Avian pathogenic Escherichia coli, Salmonella sp., Clostridium perfringens and
Clostridium botulinum are the most common reported (Ferns and Mudge, 2000; Anza et
al., 2014). In this thesis I was able to detect the presence of several metals and
metalloids and p,p’-DDE and PCBs (chapter 1 and 2) in sediments and blood and feather
of the birds living in these wetlands.

Application of anticoagulant rodenticides in rural and urban areas
As already mentioned, ARs are the main compounds used for rodent control in
both rural and urban areas (Watt et al., 2005; Valchev et al., 2008). Although the main
target of this biocide/pesticide are the species of the order Rodentia, several studies
have reported many non-target species exposed to these compounds or even deadly
poisoned (Guitart et al., 2010; Berny et al., 2010). The way of application is determinant
for the impact and effect on non-target wildlife. The release of high quantities of
pesticides to the environment should always require responsible use of both sciencebased information and the precautionary principle (Mason and Littin, 2003; Tosh et al.,
2011). Exposure of non-target species to anticoagulant rodenticides occurs mainly by
two ways: (1) direct consumption of bait (Brakes and Smith, 2005; Eason and Spurr,
1995), and (2) indirect exposure via secondary or tertiary poisoning as a result of
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consuming contaminated prey (Berny et al., 1997; Sánchez-Barbudo et al., 2012; LópezPerea and Mateo, 2018). Events of exposure and poisoning of non-target species by ARs
associated to pest control have been well documented by researchers of several
countries (Coeurdassier et al., 2012; Geduhn et al., 2015); in Spain a terrible event of
poisoning of non-target species occurred between 2007 and 2008 due to a pest control
in the north-western area of the country (Comunidad de Castilla y Leon). An outbreak of
common voles (Microtus arvalis) occurred in agricultural areas with densities
approaching 1000 voles/ha were estimated in the area where the plague apparently
started (Luque-Larena et al., 2013), which lead to a poisoning campaign with
chlorophacinone (a first-generation anticoagulant rodenticide, FGAR). After that
campaign, Olea et al. (2009) found residues of ARs in liver of several non-target animals
found dead, included a bird of prey, and Sarabia et al. (2008) described a massive
mortality of pigeons. Recently, despite protests by environmental organizations and the
attempt of biological control of pest by rapacious birds, bromadilone (a secondgeneration anticoagulant rodenticide, SGAR) was applied in the same zone for the
control of common vole. This treatment caused the exposure to bromadiolone of
fledglings of common kestrels (Falco tinnunculus) and this was associated with a
decrease in their body condition (Martinez-Padilla et al., 2017). Analysis of exposure and
concentration of ARs in predators from several regions of Spain are available in this
thesis (Chapter 5 and 6)

Exposure and concentration of pollutants in the samples analysed
The determination of the levels of pollutants in tissues is the first step for
assessing the toxic effects on the animals. Regarding to the scenario 1, I studied the risk
of birds falling in an ecological traps when inhabiting in ecosystems affected by effluents
from WWTPs. The result found in the chapter 1 of this thesis indicate higher levels of
metals and metalloids in sediment from Navaseca Pond (more polluted area) than in the
more pristine Tablas de Daimiel National park (TDNP). Only concentration of selenium
(Se) was higher in TDNP than in Navaseca Pond and this could be explained by the
presence of seleniferous soil in the basin. This presence of seleniferous soils in CastillaLa Mancha, specifically in TDNP, had already been suggested by Jiménez-Ballesta et al.
(2016). This fact is relevant is this thesis and it is an important item of future research in
250

General discussion
this area. Although it is true that the concentrations of the elements in Navaseca were
above than those found in TDNP, in any case exceeded the maximum limit allowed for
WWTP of effluents (Council Directive EEC, 1986). In biological samples, moorhens from
TDNP showed higher blood concentrations of mercury (Hg) and Se than those from
Navaseca Pond, and similar differences were found in feather concentrations. In the
case of blood concentration of Hg, this unexpected result did not have any evident
negative consequence on the birds from the study area, although mercury is a toxic and
non-essential element for living organism. The blood concentration of Hg in moorhens
from TDNP (3.27 ng/ml) were well below the threshold levels of Hg associated with
adverse effects in birds of 1-3 µg/g (equivalent to 1,020-3,090 ng/ml, assuming a blood
density in birds of 1.02-1.03 g/ml; Evers et al., 2008).
On the other hand, Se in blood of birds was detected in concentrations of
concern. Mainly in moorhens from TDNP the range of concentration were within of
levels detected in several species of birds from areas affected by Se pollution (Santolo
and Yamamoto, 1999). The most worrying is that one-half of the total moorhens
analysed here exceeded the background level (400 ng/ml) and 24.4% in TDNP exceeded
a provisional threshold to produce adverse effects on reproduction and survival
established in 1,000 ng/ml (Ohlendorf and Heinz, 2011). The first documented event of
Se poisoning in USA occurred in 1930s when chick (Gallus domesticus) fed on grain
grown on seleniferous soil, causing reproductive failure (Poley et al., 1937), but it was
after the most dramatic incident of selenium poisoning in wild birds in San Joaquin Valley
(USA), when Se poisoning became a research focus (Ohlendorf et al., 1986a, 1989;
Ohlendorf and Fleming, 1988). Water used for crop irrigation in the San Joaquin Valley
of California dissolved Se from the soil, and subsurface water drained from agricultural
fields was retained in the Kesterson Reservoir, producing the accumulation of Se in
plants and animals (Ohlendorf and Heinz, 2011). High Se exposure in birds can produce
embryo mortality and malformations (Ohlendorf et al., 1986b; Hoffman et al., 1988).
The mechanism by which these effects occur remain unclear, but some research suggest
that certain Se induced deformities of the extremities resemble those caused by
amniotic constriction or rupture (Hoffman et al., 1988). Selenium at high exposure levels
also produce oxidative stress by decreasing levels of GHS and therefore enhancing lipid
peroxidation. This oxidative damage can be an important mechanism of pathogenesis
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because selenium-induced malformations are often characterized by initial tissue
necrosis (Gruenwald, 1958; Hoffman, 2002). In addition, Se has been shown to
substitute for sulphur in both amino acids and certain nucleic acids (Subcommittee on
Selenium, 1983). It is possible that the presence of such analogues may promote avian
teratogenesis.
Persistent organic pollutants (POPs) in blood and preen oil of common moorhens
were analysed in the second chapter. PCBs and p,p'-DDE were found in 32% of the blood
and 51% of preen oil samples. Blood concentration of both PCBs and p,p'-DDE were
higher in moorhens from Navaseca Pond than in TDNP, but the differences were
significant only for PCBs. This difference may be related to the fact that moorhens in
Navaseca forage in a pond that receives directly effluents of WWTP. As these effluents
come from urban areas, it is therefore likely to be contaminated with a wide range of
chemicals (Sánchez-Avila et al., 2009; Martínez Bueno et al., 2012). Moreover, some
industries may have contributed in the load of pollutants because some spillages in the
urban sewage of Daimiel. Both blood and preen oil concentration of POPs were low
compared with bird species at higher trophic levels in Spain (Yamashita et al., 2007;
Eulaers et al., 2011; Espín et al., 2018). In addition these levels indicated no direct threat,
because PCBs and p,p'-DDE were well below any threshold described for effects on
parental breeding behaviour or eggshell thinning (Fisher et al., 2006; Blus, 2011).
In the scenario 2, I described a situation in which predators attracted for high
densities of rodents, prey on urban and agricultural areas with intensive use of
anticoagulant rodenticides for pest control, and this exposure can lead to fall in an
ecological trap. In a wide review about secondary exposure to anticoagulant
rodenticides and effects on predators (Chapter 4), I described the main ARs and the
concentration in animal species that can be the potential prey of predators. The most
commonly reported ARs are the SGARs bromadiolone, brodifacoum and flocoumafen,
while in lesser magnitude the FGARs diphacinone, difethialone and coumatetralyl (Berny
et al., 1997; Giraudoux et al., 2006; Murphy et al., 1998; Tosh et al., 2012). The
differences in the frequency of detection between ARs could be expected by their
capacity to bioaccumulate in animal tissues, being higher in SGARs than in FGARS (Watt
et al., 2005; Ishizuka et al., 2008). Small mammals may have up to 16.0 µg/g of ARs in
their tissues, insect had up to 4.3, birds 4.2 and reptiles 0.540 µg/g (Alterio et al., 1997;
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Craddock, 2003; Sánchez-Barbudo et al., 2012; Elliot et al., 2014). This suggests that
predators feeding mostly on small mammals are those with a higher risk of AR poisoning
due to the potential that consumptions of relatively contaminated prey will elevate
exposure, this risk is closely associated with the consumption of rodents that are the
primary target of control operations (Merson et al., 1984; Alterio et al., 1997; Birks,
1998; Alterio and Moller, 2000).
Moreover, I reviewed also the presence of ARs in predatory birds and mammals
with different feeding habits and from different geographical areas. One more time, the
most widely detected compounds have been SGARs (brodifacoum, bromadiolone and
difenacoum), confirming the bioaccumulative and toxic potential of these compounds
(Eason et al., 2002; Chapter 5 and 6). A great number of predators species (53) have
been documented with residues of ARs in their tissues, birds (36 species) appear to be
more exposed to ARs than mammals (17 species), probably because the most exposed
birds are nocturnal raptors that are considered to have a specialist diet on rodent, in
contrast to mammals considered to have generalist diet, with the exception of weasel
that mainly prey on small mammals (Hanski et al., 1991; Andersson and Erlinge, 1977).
In fact, most of the field and experimental surveys with the ARs issue are focused on
nocturnal raptors (Mendelhall and Pank, 1980; Hegdal and Colvin, 1988; Newton et al.,
1990; Eadsforth et al., 1991; Gray et al., 1994; Newton et al., 1994; Walker et al., 2008a;
Rattner et al., 2012, 2014a; Salim et al., 2014; Stansley et al., 2014). Although initially
birds appeared to be more exposed than mammals, the highest concentration have
been described in mammals, possibly because the number and biomass of the preys that
they are able to catch and for the specialist diet on rodent of some of them (McDonald
et al., 1998; Brandt and Lambin, 2007; Elmeros et al., 2011). But, the most concerning
information described in this review is the high number of individuals with
concentrations >200 ng/g. This threshold level of toxicity has been used in previous
studies and it is associated with 22% of probability of toxicity in barn owl (Tyto alba)
(Berny et al., 1997; Thomas et al., 2011). Up to 1144 individual have been reported in
different studies exceeding this threshold. But this is not only limited to barn owl; 18
species of mammal and 12 of bird have been found to exceed that threshold.
Exposure to anticoagulant rodenticides focuses on the last two decades part of
the research in wildlife ecotoxicology around the world (Van den Brink et al., 2018). A
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recently comparative study of ARs residues in liver of predatory birds and mammals in
NE Spain (Chapter 6) detected the presence of anticoagulant rodenticides in 34% of the
samples analysed. This prevalence of residues was similar in comparison to a study
examining wildlife collected over a larger geographic region in Spain (38.7%; SánchezBarbudo et al., 2012). However, this is compared to ARs occurrence found in a previous
study with animals collected throughout Catalonia and Majorca Island (62.8%; Chapter
5) and raptors from the Canary Islands (61%; Ruiz-Suárez et al., 2014). The ARs
prevalence found in non-target species from Spain are not the highest reported in
wildlife ecotoxicology around the world, but they are not the lowest either. In USA, liver
analysis of birds of prey sampled revealed that 86% had AR residues (Murray, 2011).
Similarly, Albert et al. (2010) have reported the presence of AR residues in 70% of the
liver of 167 owls of three species from Canada. In Great Britain, 19.2% of tawny owls
contained detectable residues of rodenticides (Walker et al., 2008b). In France, 9% of
the livers from 122 carcasses of four species of free-ranging mustelids had AR residues
(Fournier-Chambrillon et al., 2004).
Differences in ARs prevalence and concentration between birds and mammals
have been found in several monitoring studies (Chapters 5 and 6). As described in
chapter 4, the ecotoxicologial studies of chapters 5 and 6 observed higher AR
occurrence in birds than in mammals, especially in nocturnal raptors. High prevalence
of ARs residues in nocturnal raptors from Spain was also observed by Sánchez-Barbudo
et al. (2012). On the contrary, lower prevalence was found in barn owls from Britain
compared with the diurnal common kestrel (Walker et al., 2008b). This high prevalence
in kestrels may be explained because it is a generalist predator that exploits a wide range
of prey, including rodents from semi-urban environments (López-Perea and Mateo,
2018). The percentage of individuals of the animals analysed for ARs in this thesis with
more than 200 ng/g of anticoagulant rodenticides in liver varies between 23.3%
(Chapter 5) and 37% (Chapter 6). However, death by ARs poisoning is not always
confirmed by chemical analysis, and it is necessary to confirm this by the presence of
signs of coagulopathy in animals. Other studies have described cases of lethal poisoning
of non-target species. In France, Fournier-Chambrillon et al. (2004) found two European
polecats with 600 ng/g and 2600 ng/g and one American mink (Mustela vison) with 2000
ng/g of ARs in liver together with generalized and massive haemorrhages, severe anemia
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and dehydration, and ARs were therefore considered to be directly responsible for their
death. In North America, Stone et al. (1999) found haemorrhages associated with AR
exposure in 33 predators. AR residues in those predators ranged from 10 to 5300 ng/g
in liver and their necropsy revealed generalized haemorrhages, most likely caused by
vitamin K deficiency due to exposure to ARs. ARs poisoning have been also confirmed in
New Zealand in stoats that had between 540 ng/g and 810 ng/g of brodifacoum in liver
(Brown et al., 1998).

Toxic effects of pollutants on wildlife
The result of this thesis demonstrated that the exposure to pollutants have
several effects on the health status of the animals that varies from impairing
physiological and biochemical processes to mortality. Endocrine disruption is a known
effect of several pollutants on organism. I found indirect (Chapter 2) and direct (Chapter
3) signal of this effects in moorhens inhabiting in a WWTPs wetland with high load of
pollutants. In chapter 2, I analysed the waxes and fatty acid composition from preen oil
of the common moorhens, previous studies have demonstrated that the chemical
composition of preen oil is influenced especially by seasonal variations associated with
changes in endocrine profiles (Whittaker et al., 2011). In addition, wax composition in
the preen oil has been demonstrated to be androgen responsive and the presence of
androgen receptors in the uropygial gland has been confirmed in several species of birds
(Abalain et al., 1984). I found that moorhens in the breeding season, especially males,
tend to have waxes with longer chain, but this seasonal change was less evident in
Navaseca Pond (more polluted area) than in TDNP, this may suggest an endocrine
disrupting effect on steroids and a subsequent effect on chemical composition of waxes
caused by the pollutants in that area. Chapter 3 was dedicated to the study of
physiological and chemical biomarkers in moorhens from Navaseca Pond and TDNP. This
analysis included sex hormones, immune response, oxidative stress and carotenoidsbased colouration. Levels of sex hormones analysed in moorhens showed interesting
differences between areas. Estradiol and testosterone were lower in birds from
Navaseca Pond than in those from TDNP, but the most interesting result was that
moorhens in Naveseca Pond exhibited less evident differences due to sex in estradiol
and testosterone levels. In this area, we have detected greatest levels of several
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pollutants. In addition, higher estrogenic activity in water samples was detected by
Rivetti et al. (2017). The mechanism by which these pollutants cause endocrine
disruption on sex hormones varies depending on the chemical compound, but several
groups can mimic hormone receptors affecting the nuclear transcription activity
associated with them (Rattner et al., 1984; Iavicoli et al., 2009).
Other studied effect of the environmental pollution is the functionality of the
immune system (Eeva et al., 2005). I studied the effect of pollutants from WWTPs on the
immune system of common moorhens by three components of the constitutive immune
response and one of the induced response (Chapter 3). The result showed an
overexpressed constitutive response in moorhens from Navaseca Pond compared with
moorhens from TDNP, in contrast to lower cell response to PHA (induced response)
exhibited by the birds in the former area. Birds inhabiting in Navaseca Pond, which are
exposed to higher presence of pathogenic bacteria than in TDNP (Anza et al., 2014),
exhibited higher blood bactericidal activity and plasma levels of habtoglobin, a protein
related with infectious process and antimicrobial action (Vermeulen et al., 2016). The
increasing in the response of these two components of the constitutive immunity could
be interpreted as a response to an environment with a high prevalence of pathogens
(Keusch et al., 1975; Millet et al., 2007). On the other hand, the statistical analysis
revealed a negative association between the concentrations of p,p'-DDE in blood and
the cellular response to PHA. This immune response is based on T-helper cells (Th1) and
cytotoxic T-lymphocytes (CTL; Lee, 2006), and some effects of OCs on them have been
described. These effects include T-lymphocyte suppression, thymic atrophy, cellmediated cytotoxicity and delayed-type hypersensitivity reactions (Grasman, 2002;
Fairbrother et al., 2004). Nevertheless, OC levels in moorhens was too low as to explain
the observed effect.
Oxidative stress is one of the main mechanism by which pollutants impair the
health status of living organisms. There are several ways of actions by which pollutants
can induce oxidative stress: generation of reactive oxygen species, production of lipid
peroxidation and decreasing of the endogenous and exogenous antioxidants (Sies, 1986;
López-Barea, 2000). Moorhens from Navaseca Pond analysed in this thesis exhibited
several signs of oxidative stress (Chapter 3): (1) SOD activity, as a first antioxidant
defence against O2- (Knight, 2000), was lower than in TDNP; (2) retinol, α-tocopherol and
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lutein, as important exogenous antioxidants, were detected in lower levels; (3) in
response to the lack of other antioxidants, GSH and GPX activity, well known as coantioxidants (Knight, 2000; Banerjee et al., 2001), were increased. The sum of the action
of all these antioxidant defences could explain why the birds of this area more exposed
to contamination (Chapter 1 and 2; Anza et al., 2014; Rivetti et al., 2017) exhibited lower
lipids peroxidation in blood than the birds from TDNP. It is important to make it clear
that this comparative analysis is not enough to define oxidative stress in birds, because
chronic exposure in highly polluted areas can lead to adaptive overexpression of the
antioxidant response and to tolerate oxidative stress (Costantini et al., 2009; Galván et
al., 2014). Although negative correlations between antioxidants and the analysed
pollutants could be indicative of oxidative stress (Espín et al., 2014).
Recently, novel aspects related with the carotenoids- based coloration of the
ornaments of the birds have been included in ecotoxicological studies (López-Antia, et
al., 2015; Vallverdú-Coll et al., 2015, 2016). This kind of ornamentation is highly
dependent on body condition and is very sensitive to changes in the immunological and
oxidative status of the birds (Alonso-Alvarez et al., 2008; Mougeot et al., 2009).
Therefore, it is susceptible to the effect of pollutants and can be a good biomarker. The
result of this thesis found that moorhens inhabiting in areas affected by effluents from
WWTPs (Navaseca Pond) tend to exhibit a darker red (or garnet) bill than moorhens
from TNDP (Chapter 3). This red colouration is produced by deposition of the redder
carotenoid pigments as astaxanthin (García-de Blas et al., 2014) or even melanins
(Griffith et al., 2006). Studying together oxidative stress and colouration, I observed
lower levels of antioxidants, which is a sign of oxidative stress, but redder colour in
ornaments. This could indicate an investment in ornaments at expenses of the
antioxidant defence, but also that mild oxidative stress can induce the oxidation of
yellow xanthophylls into red ketocarotenoids (García-de Blas et al. 2016).
Regarding to scenario 2, I only determined the concentrations of pollutants in
liver samples of predators found dead in the field (Chapter 5 and 6), so I did not conduct
any analysis of sub-lethal toxic effects of the ARs on living organism. However, in the
review of the chapter 4, I described episodes of lethal and sub-lethal effects of these
compounds on predators. Secondary poisoning is the most documented lethal effect of
ARs, this have been confirmed as a cause of death of animals in several countries. For
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instance, in France ARs poisoning was confirmed in 31 foxes, 15 buzzards and 27 red
kites (Berny et al., 1997; Berny and Gaillet, 2008). In United Kingdom one barn owl was
diagnosed AR poisoning and in North America several species of predators with high
levels of ARs and haemorrhages were considered a cause of death (Newton et al., 1990;
Stone et al., 1999; Stone et al., 2003). When the level of exposure to ARs is not sufficient
to kill the animal some sub-lethal effects are evident, most of them related with the
impairment of blood clotting. Some experimental studies with diurnal and nocturnal
birds of prey have evaluated the potential risk of FGARs and SGARs by the test of the
Russell’s viper venom time, thrombin time and prothrombin time (Rattner et al., 2010,
2011, 2014a). Collateral effects of exposure to ARs have been also found in wildlife, such
as poor body condition, susceptibility to disease, reduced resilience or tolerance to
extreme weather, and even sensitivity to other toxicants (Knopper et al., 2007; Riley et
al., 2007; Rattner et al., 2014b).

New samples and biomarkers for ecotoxicology
The development of non-destructive methods for ecotoxicological studies with
wildlife is increasingly necessary, because tissues are difficult to obtain, especially in the
case of protected or endangered species. Blood, faeces and feathers are frequently used
for monitoring different types of pollutants and their effects (Yamashita et al., 2007;
Eulaers et al., 2011; Kocagöz et al., 2014). In the case of the feather, although these have
been frequently used to monitor the exposure to metals, its use is still debatable
because of the external contamination it may contain (Burger, 1993; Pilastro et al.,
1993). It is known that birds excrete heavy metals into growing feathers during moult,
therefore feathers contain information of circulating heavy metal concentrations in the
blood at the time of their development, because after their formation these become
isolated from the rest of the body (Burger, 1993). These levels of metal in feather have
been shown to change with feather aging as a consequence of exogenous deposition
caused by atmospheric depositions (Dmowski, 1993; Pilastro et al., 1993). However this
not always occur with all the metals. Some studies have reported that concentrations of
Hg in feather are not affected by exogenous deposition (Appelquist t al., 1984; Dauwe
et al., 2003; Jaspers et al., 2004), which validates the potential of the feather as a nondestructive biomonitoring tool for this important toxic heavy metal. Here I measured
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concentrations of metal and metalloids in feathers, parallel to blood analysis in common
moorhens from two different wetlands in Central Spain (Chapter 1). Most of the
elements analysed in feathers and blood showed similar differences between study
areas, especially higher concentrations of Hg in birds from TDNP than in Navaseca Pond.
Such relationship between the levels of elements in blood and feathers has been
observed in other studies before (Appelquist t al., 1984; Dauwe et al., 2003; Jaspers et
al., 2004). Here I want to highlight the use of feathers as a monitoring tool for
ecotoxicological studies because it can reflect the internal contamination of several
elements and also because can be easily collected and stored at room temperature
(Jaspers et al., 2004; 2007; 2011).
Other sample recently proposed as a non-destructive tool to monitor pollutants
in birds is the uropygial gland secretion (preen oil) (Solheim, 2010; Jaspers et al., 2013).
Preen oil has been used here and in other studies to study the concentration of POPs in
birds as a surrogate of internal tissues (i.e. fat, liver, muscle, blood) (Chapter 2; Kocagöz
et al., 2014; Yamashita et al., 2007; Eulaers et al., 2011). Other interesting characteristic
of this secretion is its composition in fatty acids and waxes. Such composition can vary
by age, season of the year and sex (Haahti and Fales, 1967; Stevens, 2004; Thomas et
al., 2010), denoting that this composition of the preen oil can be modulated by the
endocrine function during the life-cycle of the individuals. In this thesis, I developed a
method to use the preen oil as a sample for monitoring concentration of POPs (PCBs and
p,p'-DDE) and the same time to use its fatty acid and wax composition as a biomarker of
endocrine disruption (Chapter 2). In addition, I determined levels of vitamins and
carotenoids and this secretions and tested the effect of POPs and metals and metalloids
on them (Chapter 3). The results of chapter 2 show a positively correlation between
levels of p,p'-DDE in blood and levels in preen oil, similarly to the relationship found in
other studies (Yamashita et al., 2007; Eulaers et al., 2011; Kocagöz et al., 2014).
Regarding to waxes preen oil composition of common moorhen, a notable
seasonal variation was found. Long-chain waxes were increasing during spring-summer
season, while short-chain dominated autumn-winter season. Dominance of log-chain of
waxes coincided with the breeding season, which can respond to an adaptation of birds
to reduce olfactory signals produced by short-chain volatile compounds during the
incubation to avoid predation by mammals (Reneerkens et al., 2005). Chemical
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composition of preen oil is influenced by genotype, diet and especially, by season
associated with changes in endocrine profiles (Thomas et al., 2010; Whittaker et al.,
2011; Slade et al., 2016). In fact, it has been demonstrated to be androgen responsive
and the presence of androgen receptors in the uropygial gland has been confirmed in
several species of birds (Abalain et al., 1984). Therefore, there is a clear potential of
endocrine disrupting chemicals to affect uropygial secretion composition that can be
used as a non-destructive effect biomarker in birds. In summary, the use of preen gland
secretion for ecotoxicological studies seem to be a very promising tool that had not been
explored before. It is a non-invasive sample for which no special skills are required for
its collection; it is reliable for measuring the burden of pollutants in birds (Yamashita et
al., 2007; Eulaers et al., 2011); and the variation in its wax composition can be used as a
potential biomarker of endocrine disruption (Abalain et al., 1984; Borlakoglu et al.,
1990).

Evidences of ecological traps in ecotoxicology
Based on the criteria for the determination of ecological traps for wildlife
described by Robertson and Hutto (2006), I evaluated the results found in this thesis to
determine the presence of these traps in the scenarios studied. The first criteria is the
need to prove that animals choose a habitat of low quality over another of high quality.
In the scenario 1, I studied two habitats in which moorhens could move freely. According
to previous studies, density of common moorhens in Navaseca Pond (more polluted
area) was estimated in >100 birds/ha, while in TDNP (less polluted area) was only 10
birds/ha (Anza et al., 2016). In addition, the capture success of moorhens in this thesis
were calculated in 1.1 individuals/days-trapping for Navaseca Pond and 0.5
individuals/days-trapping for TDNP. Navaseca is positively selected by waterbirds
feeding on aquatic invertebrates because of its high productivity. It is certain that the
density information is not sufficient to prove that animals choose a habitat, because is
necessary other factors such as settlement patterns, distribution of dominance
individuals, site fidelity, temporal variance in population size and choice experiment
(Battin, 2004; Robertson and Hutto, 2006). But this information is a base to continue this
study the impact that an ecotoxicological trap may have on some endangered
waterbirds (i.e. white headed-ducks). Regarding to scenario 2, chapter 5 and 6 showed
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that the prevalence of ARs was related to high density of human population, urban areas
and cattle farms, probably because of the extensive use or ARs as a biocide against
commensal rodents, which are at the same time attractive prey for the predators.
The second criteria is the existence of a comparable measure of the health status
and/or fitness of the individuals of the two areas or habitats. In the scenario 1, besides
the concentration of the pollutants in tissues, I described several tools for measuring of
the health status and/or fitness of the individuals, body condition, endocrine disruption,
immune response, oxidative balance and sexual secondary traits (Chapter 1, 2 and 3).
In scenario 2, the concentration of ARs in the analysed tissues is a reliable measure of
the health status of animals. Rozman and Klaassen (2001) suggested that the
concentration of pollutants in accumulative tissues can be used as a biomarkers of
exposure.
The third criteria considers that the health status or fitness of the individuals in
the selected habitat must be lower than in the individuals living in the non-preferred
habitat. The result of this thesis demonstrated that the moorhens that had a preference
for the most polluted area showed higher concentration of persistent organic pollutants
(Chapter 1 and 2). In addition, these birds exhibited a lower body condition (Chapter 1,
2 and 3), showed indirect signs of endocrine disruption expressed by a less marked
seasonal variation on preen oil wax composition (Chapter 2), direct signs of endocrine
disruption represented in lower levels of estradiol and testosterone in plasma and less
marked differences by gender (Chapter 3), and signs of oxidative stress and a
overexpressed immune response (Chapter 1 and 2). In addition, we know that birds in
this polluted site can be exposed to complex mixtures of pollutants (Rivetti et al., 2017)
and higher prevalence of pathogens (Anza et al., 2014). In the scenario 2, the results
showed a higher exposure to ARs of predators inhabiting on areas with high human
density (Chapter 5), and in urban areas or cattle farms (Chapter 6). These areas often
concentrate high density of commensal rodents and are subjected to intense campaigns
of pest control by ARs use. Predators with a preference to prey on rodents are usually
more exposed and have higher concentration of ARs in their livers (Chapter 5 and 6).
In Summary, these results do not confirm totally the existence of ecological traps
in the studied scenarios, because do not meet totally these criteria. However, this thesis
provide strong evidences in the measure of the health status and the differences of the
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fitness in relation to the chosen habitat that suggests the presence of an ecological trap
in both scenarios. This thesis is a first approach to the effects of pollutants on wildlife
under the perspective of the mechanism of the ecological trap that can be used in
further studies.
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1. The concept of the ecological trap is a useful framework to study the impact of
pollutants in scenarios like the wetlands affected by WWTP or urban/rural
environments with intensive treatments with rodenticides.
2. Navaseca Pond shows higher levels of several metals in sediment than TDNP, but
this is not reflected in the concentrations of these metals in blood or feather of
moorhens. On the contrary, moorhens from TDNP showed higher concentrations
of Hg and Se, being the levels of the last one within values of concern for birds.
3. Moorhens in Navaseca Pond showed higher levels of PCBs than in TDNP. This
denotes the influence of urban/industrial contamination reaching that wetland
through the effluent of the WWTP. Nevertheless, blood PCB levels were
relatively low.
4. The complex mixture of abiotic and biotic contaminants present in the effluent
of WWTPs makes appropriate a biomarker approach to study the impact of such
pollution on birds. Moorhens from Navaseca showed lowest body condition, a
reduction in the levels of exogenous antioxidants, a decrease in SOD activity, an
increase in GPX activity, a darker coloration of red integuments and an
overexpression of the constitutive immune function.
5. Wax composition has been used by first time as a biomarker of endocrine
disruption in birds. Moorhens in Navaseca are exposed to EDCs present in the
effluent of the WWTP that may explain the observed reduction of the seasonal
variation in the wax composition of the uropygial secretion and in the sex
hormone levels in comparison with moorhens from TDNP.
6. Anticoagulant rodenticide secondary exposure in predators is widespread
throughout the world and may be greatest in predatory mammals that specialise
on feeding on rodents. However, the extent of lethal poisoning is unclear
because of the lack of unequivocal diagnosis methods.
7. The use of anticoagulant rodenticides as biocides in urban areas and/or cattle
farms has been a determinant factor of ARs exposure in non-target species,
which can identify these environments as potential ecological traps because of
the joint presence of high rodent densities and intensive use of ARs.
8. In summary, the presence of an ecological trap driven for environmental
pollutants was not fully demonstrated in the studied scenarios because of the
276
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lack of strong evidences of population effects, but this thesis has contributed in
the development of a rationale for the work within the ecological trap
framework in the field of ecotoxicology.
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