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In the present study, we investigated the concentrations and distributions of 57 anthropogenic pollutants, in-
cluding 23 organochlorine pesticides (OCs), 18 polychlorinated biphenyls (PCBs) and 16 polycyclic aromatic hy-
drocarbons (PAHs) in liver samples from 102 birds of prey of six species that were found dead or that had died
during their stay in theWildlife Recovery Centers of the Canary Islands (Spain) between 2009 and 2012. The dual
goal of thisworkwas to determine the occurrence of these contaminants in these six species of birds of prey, and
also whether they can be used as bioindicators for monitoring environmental pollution in the region. We found
that Accipiter nisus, Falco pelegrinoides and Falco tinnunculuswere themost contaminated species. The profiles of
contamination among the species were extremely similar in the case of organochlorine contaminants, with DDT
and its metabolites as the most abundant compounds. The contamination by DDT and its metabolites, as well as
contamination by dieldrin, could be considered high in these animals, much higher than reports from other re-
gions of the planet, which is in agreement with previous reports from our group regarding humans, food and
other animals from this area. In contrast, the contamination by PCBs could be considered extremely low and
was probably below the threshold of toxicity for these contaminants. The content of carcinogenic/mutagenic
PAHs in these animals was clearly dependent on the feeding pattern of the species; however, the levels were
also well below the values that were considered toxic in predictivemodels. This study represents the first report
of contamination by PAHs in all these species and is also the first report of PCB levels in Barbary Falcons.
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1. Introduction
Persistent organic pollutants (POPs) are toxic chemicals that are re-
sistant to degradation in the environment and biota. Due to their fat sol-
ubility and resistance to chemical and biological degradation, ingestion
of certain classes of POPs by animals leads to bioaccumulation through-
out their lives, generally in the fatty tissues, and to biomagnification in
the food chain (Gioia et al., 2013; Safe, 1994). Among the POPs, organo-
chlorine pesticides (OCPs) and polychlorinated biphenyls (PCBs) are
highly prevalent in vertebrates. Because of their efficientmetabolization,
strictly speaking, polycyclic aromatic hydrocarbons (PAHs) cannot be
considered as POPs, but due to their high prevalence in the environment
and their lipophilicity, PAHs are usually considered as POPs. The major-
ity of POPs, such as PCBs and OCPs, are currently banned from use and
are no longer produced or used around theworld; therefore, their levels
have been constantly declining through the years (Addison et al., 2013;
Ryan et al., 2013; Schuster et al., 2011). Nevertheless, relevant amounts
of these pollutants still persist in the environment, and certain species,
especially those top predators, are especially contaminated (Bourgeon
et al., 2013; Olafsdottir et al., 2001), and it has been described that
these pollutants lead to adverse health effects on living beings (Hamlin
andGuillette, 2010). Birds of prey are especially prone to POP accumula-
tion due to their high position on the food chain and high rates of food
consumption (Fernie and Letcher, 2010; Tillitt et al., 1992). Many
adverse effects have been described in relation to birds' exposure to
POPs, such as eggshell thinning, decreased reproductive success
(Ratcliffe, 1967), reduced normal sexual behavior, smaller brain size,
or neurotoxicity (Iwaniuk et al., 2006), among others.

The Canary Islands are located 1600 kmaway from southwest Spain,
in the Atlantic Ocean, and 63 miles away from the nearest point on the
North African coast (southwest ofMorocco) (Fig. 1). Geographically, the
Islands are part of the African continent; however, from historical, eco-
nomic, political and sociocultural points of view, the Canaries are
European. Notably, large quantities of organochlorine pesticides have
been used in the past in this archipelago because of the important role
of agriculture in the economy of the region (Diaz-Diaz and Loague,
2001). For this reason, the levels of POP contamination in the human
population of the archipelago have been deeply studied. Thus, whereas
this population shows lower levels of PCB contamination than many
populations from developed countries (Henriquez-Hernandez et al.,
2011), chronic exposure to DDT and its metabolites, as well as to some
cyclodienes, seems to currently persist (Luzardo et al., 2006; Zumbado
et al., 2005). These findings correlate with the presence of these pollut-
ants in food items that are consumed in this region, particularly those
food items that are locally produced (Almeida-Gonzalez et al., 2012;
Fig. 1. Canary Islands archipelago in northwestern African coast (a
Luzardo et al., 2012, 2013b). Moreover, potential adverse health effects
of POPs have been described in marine wildlife in nearby areas
(Camacho et al., 2012, 2013).

Due to the relative isolation of the archipelago and its climate, the
flora and fauna in the islands are completely different from those of
the European and African continents. Here, many endemic species and
subspecies are found in areas of high ecological value. There are 7 spe-
cies of diurnal birds of prey and 2 nocturnal nesting birds of prey in
the Canary Islands. Four of these species are endemic to the Canary
Islands, and two species are endemic to the Macaronesian region
(which includes the Azores, Madeira, Canaries and Cape Verde)
(Lorenzo et al., 2012). These raptors have suffered a population decline
in recent decades and have several threats to their survival, including
power lines, malicious or accidental poisonings, slow reproductive
rates, high tourist pressure on the territory (the archipelago has four na-
tional parks that receive 5.5 million visitors a year (MAGRAMA, 2013)),
as well as the extensive use of pesticides in the past and also currently,
among others. In particular, pesticides, specifically organochlorines, can
cause reproductive failure in birds and are responsible for the popula-
tion decline of several birds of prey worldwide. Despite the potential
risks to birds of prey, little exposure data for pesticides or pollutants
exist for wild populations, particularly those populations utilizing ter-
restrial food webs (Yordy et al., 2013). To address this gap in the data,
we have evaluated the concentrations of 57 POPs, including organochlo-
rine pesticides (OCs), polychlorinated biphenyls (PCBs), and polycyclic
aromatic hydrocarbons (PAHs), in liver samples of 102 birds of prey,
which belong to six different species from the Canary Islands, and we
have compared these levels with the thresholds of toxicity that have
been established for these pollutants in order to elucidate if raptor spe-
cies of the archipelago are exposed to toxic amounts of anthropogenic
pollutants, which could represent a threat for their conservation. In ad-
dition, the accumulation patterns of these pollutants in the liver of these
animals are utilized as additional “biological indicators” for assessing
the current level of environmental contamination by POPs in this
archipelago.

2. Materials and methods

2.1. Sample collection and ethics statement

Liver sampleswere obtained fromnecropsies of 102birds of prey from
6 species that were admitted to theWildlife Recovery Centers (WRCs) of
Tafira (Gran Canaria, Spain) and La Tahonilla (Tenerife, Spain) between
October 2009 and December 2012. Birds that were sampled included 12
Common Buzzards (Buteo buteo), 16 European Sparrowhawks (Accipiter
rrows: minimal distance from Spanish and Moroccan coasts).



148 O.P. Luzardo et al. / Science of the Total Environment 472 (2014) 146–153
nisus), 20 Barbary Falcons (Falco pelegrinoides), 20 Common Kestrels
(Falco tinnunculus), 14 Long-eared Owls (Asio otus), and 20 Barn Owls
(Tyto alba). The birds died naturally or were euthanized within one
week of admission, and necropsieswere performedwithin 72 hpostmor-
tem. No animal was killed for the purposes of this study. The main cause
of death was determined by examining the birds macroscopically in the
WRCs, and, when necessary, radiological, histological, or toxicological
analyses were performed. The causes of death for all the animals that
were included in this study included different types of trauma. Livers
were excised and stored at−20 °C until sample preparation.

2.2. Chemicals and reagents

Dichlorometane, hexane, ethyl acetate and cyclohexane were of the
highest purity available (N99.9%) and were purchased from Fisher
Scientific (Leicestershire, United Kingdom). Ultrapure (UP) water was
produced from a Milli-Q Gradient A10 (Millipore, Molsheim, France).
Diatomaceous earth was purchased from Sigma-Aldrich (St. Louis,
USA). Bio-Beads SX-3 were purchased from BioRad Laboratories
(Hercules, USA). Standards of OCPs, PCB congeners, surrogates (PCB 12,
PCB 202, p,p′-DDE-d8, acenaphtylene-d8) and internal standards (ISs,
tetrachloro-m-xylene, trans-heptachlor epoxide, and benzo[a]pyrene-
d12) were purchased from Dr Ehrenstorfer (Augsburg, Germany).
Standards of PAHs were purchased from Absolute Standards, Inc.
(Connecticut, USA). All standards were pure compounds (purity
from 97% to 99.5%). Stock solutions of each compound at 1 mg/mL
were prepared in cyclohexane and stored at −20 °C. Diluted solutions
from 0.05 ng/mL to 100 ng/mL were used for calibration curves.

2.3. Analytes of interest

In total, 57 analytes, which belonged to three relevant groups of
POPs, were selected for this study. The 23 OCPs andmetabolites includ-
ed the diphenyl-aliphatics (methoxychlor, o,p′-DDT, p,p′-DDT, o,p′-DDE,
p,p′-DDE, o,p′-DDD, p,p′-DDD, and dicofol); the persistent and
bioaccumulative contaminant hexachlorobenzene (HCB); the four iso-
mers of hexachlorocyclohexane (α-,β-, δ-, andγ-HCH); the cyclodienes
heptachlor, dieldrin, aldrin and endrin, chlordane (cis- and trans-
isomers) and mirex; and endosulfan (α- and β-isomers) and endosul-
fan sulfate. With respect to the PCBs, we included 18 congeners: the
dioxin-like congeners (DL-PCBs) (IUPAC numbers 77, 81, 105, 114,
118, 123, 126, 156, 157, 167, 169 and 189), and the six marker conge-
ners of non-dioxin-like PCBs (M-PCBs) (IUPAC numbers 28, 52, 101,
138, 153 and 180). Finally, we also included in the suite of analytes
that is on the list of the 16 EPA priority PAHs that are often targeted for
measurement in environmental samples (naphthalene, acenaphtylene,
acenaphtene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene,
benz[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo
[a]pyrene, indeno[1,2,3-cd]pyrene, dibenz[a,h]anthracene and benzo
[ghi]perylene).

2.4. Sample preparation

Because the contaminants included in this study are completely
lipid-soluble and, therefore, are found in the lipid fraction of tissues,
we first extracted the fat from the liver tissue. In total, 5 g of liver was
finely chopped with scissors and homogenized in 5 mL ultrapure
water with a disperser (Ultra-turrax, IKA, China). This homogenate
was spikedwith the 10 ppm-surrogatemix in acetone to a final concen-
tration of 100 ppb and was mixed with 30 g of diatomaceous earth to
absorb moisture. The method of extraction and clean up followed the
method that was previously recommended by the European Standard
for the determination of pesticides and PCBs in fatty foods (EN
European Norm, 1528-2, 1996, EN European Norm, 1528-3, 1996) and
whose validity has been previously proven in our laboratory for differ-
ent fatty samples (Almeida-Gonzalez et al., 2012; Luzardo et al., 2012,
2013a). Thismethod combines an automated Soxhlet extractionmethod
(FOSS Soxtec Avanti 2055) with a purification step using gel permeation
chromatography (GPC) and gives acceptable recoveries that ranged be-
tween 74.5% and 104.7%. Additional clean-up steps were not required,
and the 1 mL-extracts in cyclohexane that were obtained at the end of
the GPC were used for the chromatographic analysis.

2.5. Procedure of chemical analysis

Gas chromatography analyses of 57 contaminants, 4 surrogates and
3 ISs were performed in a single run on a Thermo Trace GC Ultra, which
was equippedwith a TriPlus Autosampler and coupled to a Triple Quad-
rupole Mass Spectrometer Quantum XLS (Thermo Fisher Scientific Inc.,
Waltham,MA, USA), using appropriate internal standards (ISs) as previ-
ously described and validated in our laboratory (Camacho et al., 2012,
2013; Luzardo et al., 2013c). A fused silica capillary column BPX5
(crosslinked 5% phenyl methylpolysiloxane, SGE Inc., USA) with a
length of 30 m, a 0.25 mm i.d. and a film thickness of 0.25 μm was
used as the stationary phase. Helium (99.999%) at a constant flow rate
of 1.0 mL/min was used as the carrier gas. The temperatures were
programmed as follows: the initial oven temperature of 60 °C was
maintained for 1 min, ramped at 12 °C/min to 210 °C, then raised at
8 °C/min to 320 °C with a 6 min hold time. The total run time was
61 min. The injector and transfer line were set to 270 °C and 310 °C, re-
spectively. The standards and sampleswere injected (1 μL) in the splitless
mode. Thermo Fisher Xcalibur software (Ver. 2.0.1) was used for the in-
strument control, data acquisition, and data analysis. After the retention
timeswere determined in full scanmode (rangem/z 45–650), a timed se-
lected reaction monitoring (SRM) method was developed to analyze the
57 target compounds plus four surrogates and three internal standards
in one single run. A calibration curve was constructed from 0.05 to
100 ng/mL with all the compounds, with the exception of the surrogates
and internal standards, contained in each calibration standard mixture.
Argon (99.99%) was used as the collision gas, and the collision cell pres-
sure was set to 0.2 Pa. The triple quadrupole mass spectrometer was
operated under the following conditions: ionizationwith electron impact
at 70 eV inMRMwith an emission current of 50 μA. The ionization source
temperature was set to 220 °C. A filament multiplier delay of 5 min was
established to prevent instrument damage. The electron multiplier volt-
age was set to 1500 V. The scan width was 0.15, and the scan time was
0.05 s. Peak widths of m/z 0.7 Da were set for both the first (Q1) and
third quadrupole (Q3). The analytical performance of this method (con-
firmation criteria, precision, linearity, limits of quantification (LOQs),
and repeatability) has been previously studied and published (Luzardo
et al., 2013c). We added 20 μL of the IS mixture, which was prepared at
1 ppm in cyclohexane, immediately before the GC–MS/MS analysis. Be-
cause nomatrix effects have been observed with this method, all quanti-
fications were performed against a 10-point calibration curve using
cyclohexane (0.05 to 40 μg L−1).

2.6. Quality control

The recoveries of the 57 analytes and surrogates were acceptable
with this method because the recoveries were invariably above 74%.
All the individual measurements were corrected by the recovery effi-
ciency for each analyte. All the measurements were performed in tripli-
cate, and the values used for calculations were the mean of the three
measurements. In each batch of samples, two controls were included
with every 12 samples. For the chromatographic procedure we used a
reagent blank, which consisted of a vial containing only cyclohexane
that was spiked with the surrogates and ISs. Besides an internal labora-
tory quality control of the whole procedure was included (QC), which
consisted of melted butter that was spiked at 20 ng/g for each of the
analytes that was processed with the same method as the samples.
The batch analyses were considered valid when the values of the
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analytes in the QC and the reagent blankwerewithin a 10% deviation of
the theoretical value.

2.7. Statistical analyses

The database management and statistical analyses were performed
using the PASW Statistics v18.0 software (SPSS Inc., Chicago, IL, USA).
Because the POP levels (individually or grouped) did not follow a nor-
mal distribution, the results were expressed with the median and the
5th and 95th percentiles of the distribution. Differences in POP concen-
trations among two groups or more were tested with the non-
parametric Mann–Whitney U-test and the Kruskal–Wallis test. The cat-
egorical variables were presented as percentages and were compared
between variables with the chi-square test. P values of less than 0.05
(two-tail) were considered statistically significant.

3. Results and discussion

3.1. Accumulation pattern of OCPs

Organochlorine pesticide residues were detected in all the samples
of birds that were analyzed in this study (Table 1). A mean of 5 residues
per sample was found (range 3 to 14). The presence of α-HCH, δ-HCH,
heptachlor, aldrin, endrin,α-endosulfan,β-endosulfan, andmetoxichlor
was not detected in any sample of liver. In contrast, 3 compounds were
detected in 100% of samples: p,p′-DDE, dieldrin, and β-HCH. In recent
studies from different regions of the world, other authors have reported
a similar pattern of contamination, where p,p′-DDE and HCH isomers
were the chief contributors to the total OC content (Dhananjayan,
2013b; Gomez-Ramirez et al., 2012; Yordy et al., 2013). We observed a
high dispersion in the level of residues among species (Fig. 2A).
A. nisus, F. pelegrinoides and F. tinnunculus were the most contaminated
species, with total OCP contents of 2160, 1419 and 1154 ng/g wet
weight, respectively (Table 1). Notably, dicofol was present with high
frequency in our set of samples and at concentrations ranging from 1.0
to 9.3 ng/g wet weight. This residue is not usually included in the set
of analytes that is measured in environmental samples; therefore, we
cannot compare our results with many previous studies. However, this
pesticide has been found in wild bird eggs with similar frequency and
concentrations (Malik et al., 2011). The high frequency presence of
this residue might be explained by its thorough use in the cultivation
of tropical fruits in the Canary Islands in the past, and also because this
pesticide, which is an important source of DDT, was produced in Spain
until late 2008.

In general, we found lower levels of contamination by OCPs in these
birds from the Canaries than OCP levels in birds from other regions of
the world. However, the high levels of DDTs and dieldrin that were
Table 1
Concentrations of organochlorine pesticides (median and percentiles 5th and 95th of the distribu
2012). Results are expressed in ng/g wet mass and in ng/g lipid weight [between brackets].

Bird species ∑DDT Dieldrin ∑HC

Accipiter nisus 1955.8 [41,785.6] 88.5 [1890.4] 190.2
(141.6–24772.3) (47.1–1423.9) (28.8–

Asio otus 475.8 [10,727.4] 189.7 [4276.9] 141.8
(60.1–7838.9) (112.3–465.4) (42.6–

Buteo buteo 403.9 [8120.4] 106.5 [2141.2] 135.4
(121.6–2642.4) (72.1–123.3) (43.4–

Falco pelegrinoides 974.07 [18,044.6] 78.4 [1452.4] 207.6
(70.6–23,064.2) (18.1–471.4) (59.8–

Falco tinnunculus 699.6 [14,247.4] 217.3 [4425.3] 210.1
(35.6–9213.8) (66.8–570.3) (15.4–

Tyto alba 597.9 [12,705.4] 180.3 [3831.4] 72.4 [1
(30.7–9575.9) (21.4–402.5) (14.0–

n.d., non-detected.
HCB, hexachlorobenzene.
∑DDT, sum of p,p′-DDE, p,p′-DDD + o,p′-DDT, p,p′-DDT, o,p′-DDE, o,p′-DDD.
∑OCs: sum of all analyzed OCs.
found are two remarkable differences that should be highlighted. We
found much higher levels of these pesticides (Table 1) than in prey
birds from the USA (range from 1.8 to 3240.8 ng/g wet weight)
(Yordy et al., 2013), mainland Spain (median 6248.19 ng/g lipid
weight) (Gomez-Ramirez et al., 2012), Italy (range from 110.2 to
215.7 ng/g wet weight) (Licata et al., 2012), or even from India (range
from 3.0 to 520.0 ng/g wet weight) (Dhananjayan, 2013b), where the
use of DDT remains allowed for malaria control. However, these results
are in agreement with our studies in human blood samples that were
taken 15 years ago (Luzardo et al., 2006; Zumbado et al., 2005), and
more recently, in amniotic fluid samples (Luzardo et al., 2009), or in
some food items that were produced in this archipelago (Almeida-
Gonzalez et al., 2012; Luzardo et al., 2012). The current level of contam-
ination by DDTs and dieldrin is surprisingly high because in Spain, as
well as all other developed countries, the usage of OCPs ceased in the
late 1970s or the beginning of the 1980s. These results could be ex-
plained, at least in part, by two facts: the extreme environmental persis-
tence of these compounds and the proximity to the African continent.
The first factor ismost likely to be themajor cause becausemany organ-
ochlorine pesticides have been used in this area in the past. There are no
reliable data regarding the consumption of these products; however,
until the political awareness of pesticide consumption in recent years,
the pesticide consumption in the islands was as high as 12 times
(N200 kg/Ha, 42% insecticides) than that of the rest of the country
(Diaz-Diaz and Loague, 2001;MAGRAMA, 2006). Several circumstances
could explain this high use of pesticides, such as theweather conditions
that favor the occurrence of pests and the fact that many farmers
abuse pesticides by implementing scheduled preventative treatments,
overdosing, and continue to ignore basic instructions regarding their
use. Therefore, it is more than likely that this situation was similar or
even worse in the past, when organochlorines were available as the
only option. Alternatively, the high level of pollution that we have
found can also be explained in part by the proximity of these islands
to the African continent. Several prohibited OCs remain under use in de-
veloping countries, and high levels of contamination are found in these
countries because of this or due to the existence of considerable stocks
of uncontrolled obsolete pesticides,whichmakes it possible for the peo-
ple andwildlife living there and in the neighboring areas to be under in-
advertent exposure (Gioia et al., 2013; Najera et al., 2011; Nweke and
Sanders, 2009). The fact that DDT is currently used as an insecticide in
Morocco, which is only 100 km away from the Canary Islands archipel-
ago, supports this hypothesis.

3.2. Accumulation pattern of PCBs

We detected residues of PCBs in all the samples that were analyzed
within a range of 2 to 15 different congeners (Table 2). Only PCB 169
tion) in liver tissues of six species of birds collected from the Canary Islands, Spain (2009–

H HCB Dicofol ∑OCP

[4058.4] 2.7 [57.3] 1.0 [21.4] 2160.4 [46,146.2]
426.8) (n.d.–634.1) (n.d.–3.53) (383.5–25,249.8)
[3199.0] 0.4 [9.1] 2.7 [60.4] 770.6 [17,369.3]
258.0) (n.d.–5.63) (n.d.–24.83) (249.2–8223.3)
[2729.7] 0.1 [2.4] 9.3 [187.5] 467.1 [9416.7]
597.4) (0.08–0.22) (3.9–11.7) (328.1–2949.4)
[3886.3] 0.3 [5.2] 6.9 [129.6] 1419.2 [26,567.4]
1049.8) (0.03–209.3) (0.4–24.4) (184.7–24,418.9)
[4278.7] 1.2 [24.0] 4.2 [85.4] 1154.7 [23,475.1]
1227.8) (0.2–3.7) (n.d.–12.5) (692.9–10,036.6)
538.5] 0.01 [0.2] 2.9 [62.7] 848.2 [18,024.3]
747.7) (n.d.–0.6) (n.d.–13.2) (183.7–9731.1)



Table 2
Concentrations of polychlorinated biphenyls (median and percentiles 5th and 95th of the
distribution) in liver tissues of six species of birds collected from the Canary Islands,
Spain (2009–2012). Results are expressed in ng/g wet mass and in ng/g lipid weight [be-
tween brackets].

Bird species ∑M-PCBs ∑DL-PCBs ∑TEQDL-PCB
a ∑PCBs

Accipiter nisus 33.1 [707.0] 4.4 [94.0] 0.2 [4.3] 35.6 [760.4]
(0.3–2906.5) (0.1–449.5) (0.1–13.48) (0.3–3090.9)

Asio otus 0.8 [18.1] 0.2 [4.5] 0.05 [1.1] 0.9 [20.3]
(0.1–86.4) (0.1–10.8) (0.0–0.3) (0.1–92.81)

Buteo buteo 0.7 [14.7] 0.2 [4.0] 0.1 [2.0] 0.8 [16.1]
(0.2–0.5) (0.1–0.3) (0.1–0.4) (0.3–0.7)

Falco pelegrinoides 28.8 [533.4] 6.1 [57.4] 0.2 [3.7] 32.3 [598.2]
(8.5–4032.5) (2.2–1507.3) (0.1–46.1) (9.5–10,645.8)

Falco tinnunculus 16.4 [333.9] 1.7 [34.6] 0.1 [2.0] 16.8 [342.1]
(3.9–89.7) (0.4–7.9) (0.0–0.3) (4.2–95.8)

Tyto alba 0.4 [8.5] 0.1 [2.1] 0.1 [2.1] 0.6 [12.8]
(0.1–4.8) (0.1–0.9) (0.0–0.4) (0.1–5.5)

∑M-PCBs, sum of marker PCBs (congeners 28, 52, 101, 118, 138, 153, and 180).
∑DL-PCBs, sum of dioxin-like PCBs (congeners 77, 81, 105, 114, 118, 123, 126, 156, 157,
167, 169 and 189).
∑PCBs, sum of all measured PCBs (congeners, 28, 52, 77, 81, 101, 105, 114, 118, 123, 126,
138, 153, 156, 157, 167, 169, 180, and 189).

a Expressed in pg/g wet weight.

Fig. 2. Box plot indicating the levels of ∑OCs (panel A), ∑PCBs (panel B), and ∑PAH8
(panel C) in the six species that were included in the study. The line inside the box repre-
sents themedian, the bottom and top of the box are the first and third quartiles of the dis-
tribution, and the lines extending vertically from the boxes indicate the variability outside
the upper and lower quartiles.
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was not detected in any sample. However, in our set of samples, PCB
numbers 28, 118, 138, 153 and 180 were themost prevalent congeners,
with PCB numbers 28, 118 and 153 detected in 100% of samples (3.8, 2.7
and 3.4 ng/g, respectively) andwith PCBnumbers 138 and180 detected
in 97.1% of the samples (1.4 and 2.1 ng/g, respectively). More than 95%
of the content of PCBs came fromM-PCBs. This result is consistent with
studies that have found PCBs 180 and 153 as themost predominant con-
geners (Gomez-Ramirez et al., 2012) and with other studies that have
also found high levels of contamination by PCB 28 (Wan et al., 2011).

Regarding PCB contamination in this region, previous studies by our
group in humans and in food items have revealed that the level was rel-
atively low (Almeida-Gonzalez et al., 2012; Henriquez-Hernandez et al.,
2011; Luzardo et al., 2012), which was expected as the Canary Islands
are a relatively non-industrialized area. We expected to find also very
low levels of PCBs in these samples of birds living in the same region,
but as shown in Table 2, the levels found were not so low as it would
be expected. However, the levels of contamination by POPs can be enor-
mously different among populations depending on the geographical re-
gion inwhich they live, and the local environment greatly influences the
levels of contaminants that are found (El-Shahawi et al., 2010). How-
ever, it seems obvious that there are other unknown factors that influ-
ence the PCB levels in these birds. Nevertheless, the levels in our
series are much lower than those levels that were found in raptors
from other regions: USA (range from 1.34 to 10,500.0 ng/g wet weight)
(Yordy et al., 2013), Belgium (range from 285.0 to 8690.0 ng/g wet
weight) (Jaspers et al., 2008), Italy (range from 131.0 to 3050.0 ng/g
wet weight) (Licata et al., 2012), Greenland (median 11,000 ng/g lipid
weight) (Jaspers et al., 2013), Southern Spain (median 544.7 ng/g
lipid weight) (Gomez-Ramirez et al., 2012) and it may be possible that
these animals were not at toxicological risk for PCBs.

As in the case of OCPs, we observed significant differences in the
levels that were found among species (Fig. 2), and again we found
that A. nisus, F. pelegrinoides, and F. tinnunculus were, in that order, the
species that displayed the highest levels of ∑PCBs (Fig. 2). Variations
in the diet as well as the species-specific accumulation and metabolism
of PCBs may be the most important causes that explain these differ-
ences, as it has been described for other species including human beings
(Beyer and Biziuk, 2009; D'Ilio et al., 2011; Gasull et al., 2011). Differ-
ences among species have also been found by other authors (Jaspers
et al., 2008); however, the pattern of raptors from the Canaries is
completely different from other regions. Thus, in the study by Jaspers
et al. (2006), T. Alba and A. nisuswere the most contaminated of the ana-
lyzed species, with 150,000 and 140,000 ng/g of ∑PCBs, respectively.
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In our study, the levels found in both species were much lower, and
T. alba was the species that displayed the lowest levels (0.8 ng/g wet
weight, Table 2). To our knowledge, this report is the first that tests
the levels of contamination by PCBs in Barbary Falcons (F. pelegrinoides).

3.3. Accumulation pattern of PAHs

Of the 16 PAH compounds that were analyzed, 15 were detected in
one or more of the six species that were analyzed. Only dibenzo[a,h]an-
thracene was not detected in any of the samples, and thus, the remain-
ing 15 compounds were considered for ∑PAHs. Additionally, 3
compounds were detected in 100% of the samples: phenanthrene, fluo-
ranthene, and pyrene, consistent with other authors who showed that
phenanthrene is the most frequent PAH in samples from predatory
birds in Britain (Pereira et al., 2009). Regarding concentrations, naph-
thalene was the compound that reached the highest values by far (me-
dian 1152 ng/g, range 2.2 to 63,240.8 ng/g wet weight).

As in the case of organochlorine compounds, we found great differ-
ences in the total content of PAHs among both different species and indi-
vidual samples from each species (Fig. 2). Thus, the median ∑PAH
concentration among the six species ranged from 48.9 to 53995.3 ng/g
wet weight; however, the individual values ranged from 9.2 to
80053.2 ng/g wet weight (Table 3). Notably, the species that showed
less contamination by ∑PAHs were those species whose diet was pri-
marily composed of birds (F. pelegrinoides b F. tinnunculus b A. nisus),
whereas the other three species, which feed mainly on small mammals
and reptiles were those species that showed the highest levels of the
sum of these contaminants (Table 3). The extremely high values of
∑PAHs that we have found in some species and individuals are primar-
ily due to the high content of low molecular weight PAHs, particularly
naphthalene, which contributed more than 99% of ∑PAHs in the most
contaminated species (Fig. 3B). Therefore, it seems a plausible hypothesis
that there could exist a source of naphthalene that is probably related to
the similar feeding patterns of these three species. However, we do not
have data on feedstuff to support this hypothesis, and further research
is needed to elucidate this issue. When we separate the PAHs according
to their molecular weights, and we consider only the sum of the more
weighted ones (mainly to exclude the less toxic, but highly abundant,
naphthalene), the differences among species become less evident
(range from10.5 to 35.5 ng/gwetweight), and the pattern of contamina-
tion among species varies. This pattern is paradoxical because the less
contaminated species are precisely those species that feed on mammals
and reptiles. This pattern is maintained when we consider only those
PAHs for which oral carcinogenicity data were available (∑PAH8:
benzo[a]pyrene, benz[a]anthracene, benzo[b]fluoranthene, benzo[k]
fluoranthene, benzo[ghi]perylene, chrysene, dibenz[a,h]anthracene and
Table 3
Concentrations of polycyclic aromatic hydrocarbons (median and percentiles 5th and 95th of the
(2009–2012). Results are expressed in ng/g wet mass and in ng/g lipid weight [between brack

Bird species ∑PAHs lw ∑PAHs hw

Accipiter nisus 380.9 [8136.0] 35.5 [758.28]
(49.5–2216.6) (0.9–82.7)

Asio otus 3966.3 [89,400.4] 0.6 [13.54]
(1267.4–15,412.2) (0.0–83.1)

Buteo buteo 53,994.7 [1,085,293.5] 0.4 [8.0]
(6816.5–80,052.8) (0.3–1.0)

Falco pelegrinoides 27.3 [505.6] 17.4 [322.3]
(4.0–270.0) (5.2–58.0)

Falco tinnunculus 543.9 [11,073.8] 27.0 [549.7]
(130.5–4277.0) (7.0–114.4)

Tyto alba 6480.6 [137,712.7] 0.5 [10.7]
(2335.2–31,383.1) (0.0–0.6)

∑di-, tri- cyclic PAHs (low molecular weight PAHs): sum of naphthalene, acenaphthylene, ac
∑tetra-, penta-, hexa cyclic PAHs (high molecular weight PAHs): sum of fluoranthene, pyrene
Benzo[a]pyrene, indeno[1,2,3-c,d]pyrene, benzo[g,h,i]perylene, and benzo[a,h]anthracene.
∑PAHs, sum of all compounds.
indeno[1,2,3-cd]pyrene), as well as when we used the classical toxic
equivalency factor (TEF) approach to the risk characterization of the
PAH mixtures, and expressed these mixtures as benzo[a]pyrene toxic
equivalents (TEQB[a]p, Table 3). As other authors have described in other
environmental samples, the contribution of TEQB[a]p to the total dioxin-
like activity was much higher (N1000 times) than that of TEQDL-PCBs

(Eljarrat et al., 2001). In any case, according to the concentrations of
carcinogenic PAHs that were detected in the liver tissues of the birds
that were included in the present study, the risk of acute toxic effects to
these birds can be considered moderate when compared with the
model for predicting the toxicity of polycyclic aromatic hydrocarbon
mixtures (Reeves et al., 2001).

These values of our study (without including naphthalene) can be
compared with those values that were found by other authors in the
liver of birds from other regions of the world. Thus, the levels in our
study are lower than those levels that were found in birds from India,
Australia, USA and Britain (overall range from 79 to 382 ng/g wet
weight) (Custer et al., 2000; Dhananjayan, 2013a; Kayal and Connel,
1995; Shore et al., 1999). It seems logical that our levels were much
lower than those levels that were found in oiled seabirds from the
North Atlantic (mean 245 ng/g wet weight) (Troisi et al., 2006) but
higher than those levels found in seabirds from the Canaries and the
Mediterranean Sea (mean 13.1 ± 11.7 ng/g wet weight) (Roscales
et al., 2011). Notably, the studies that report the levels of these contami-
nants in the liver of predatory birds, or even in terrestrial birds, are scarce
in the literature. Thus, these comparisons should be taken with caution
because theyhave beenmadewith thedata thatwere obtained fromspe-
cies that live in a different environment and that have a completely dif-
ferent feeding pattern. To our knowledge, this report is the first of PAHs
levels in tissues of all of the six species that were included in the present
study, and it is expected that the data that were generated in this study
will serve as reference values for future studies.

Taken together, we observed that the total load of contaminants
greatly varies depending on the species and that the total load of
contaminants can also be extremely different among individuals of
the same species (Fig. 2). However, the profile of contaminants
(the percentage of each pollutant or group of pollutants) is particu-
larly similar in the case of organochlorines. Thus, the total load of
∑DDTs invariably accounted for more than 60% of total organochlo-
rines (Fig. 3A). Dieldrin and the sum of HCH isomers were also major
contributors to the total load of organochlorine contaminants. How-
ever, as suggested above, the profile of contamination by PAHs seems
to be related to the feeding pattern of the species. Thus, this profile is
particularly similar among the bird-eating raptor species but is dif-
ferent from the profile of those species that feed on small mammals
and reptiles (Fig. 3B).
distribution) in liver tissues of six species of birds collected from the Canary Islands, Spain
ets].

∑PAH8 TEQ BaP ∑PAHs

10.5 [224.3] 5.4 [115.3] 421.5 [9003.2]
(0.2–22.6) (0.1–12.4) (90.3–2217.4)
0.2 [4.5] 0.1 [2.3] 3966.7 [89,409.4]
(0.0–23.7) (0.0–17.5) (1345.7–15,413.0)
0.2 [4.0] 0.1 [2.0] 53995.3 [1,085,305.5]
(0.1–0.3) (0.0–0.2) (6816.8–80,053.2)
8.2 [164.8] 2.2 [40.2] 48.9 [949.8]
(2.5–23.5) (0.6–5.8) (9.2–290.5)
7.2 [146.6] 4.2 [85.5] 611.0 [12,439.9]
(2.3–33.9) (1.2–15.6) (138.2–4356.6)
0.2 [4.2] 0.1 [2.1] 6481.1[137,723.4]
(0.0–0.3) (0.0–0.2) (2335.7–31,383.5)

enaphthene, fluorene, phenanthrene, and anthracene.
, chrysene, benz[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene,



Fig. 3. A. Percentage composition of organochlorine contaminants: ∑DDT, dieldrin, ∑HCH, ∑other OCs, ∑M-PCBs and ∑DL-PCBs (Panel A). B. polycyclic aromatic hydrocarbons:
∑PAH of low molecular weight and ∑PAH of high molecular weight in the six species of birds of prey that were collected from the Canary Islands, Spain.
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4. Conclusions

The levels of 57 POPs were determined in 102 birds belonging to
six different species from the Canary Islands (Spain). We observed sig-
nificant differences in the content of contaminants among species,
although the variability of individuals within each species was high.
The profiles of contamination among species were extremely similar
in the case of organochlorine contaminants, including DDT, dieldrin,
and HCH isomers as themost abundant compounds. The contamination
by DDT and its metabolites, as well as contamination by dieldrin, can be
considered high in these animals, with much higher levels than reports
from other regions of the world, which is in agreement with previous
reports from our group regarding humans, food and other animals
from this area. The high levels of organochlorine pesticides, especially
DDTs and dieldrin, add more evidence to the previously reported high
level of contamination by these compounds in the Canary Islands.
In contrast, the contamination by PCBs can be considered low, with
M-PCBs contributing the most to the total load of these contaminants.
These PCB levels are not considered a toxic risk for these animals.
These results are also in consonance with previous reports of environ-
mental and human samples from the same area. The same consider-
ation can be made for the PAH content in these species because the
levels are well below the values that are considered toxic in predictive
models. The PAH content of these animals seems to be somewhat de-
pendent on the feeding pattern of the species, with the content of
low-molecular-weight compounds much higher in those animals that
feed on small mammals and reptiles than in the raptors that feed on
other birds. However, further research is needed to elucidate this
topic. This study represents the first report of contamination by PAHs
in all these species. Taken together, the results of this study indicate
that the level of contamination of these birds is moderate to low for
PCBs and PAHs and high for OCPs, being in consonance with previous
reports from samples in the same area. This indicates that carcasses of
birds of prey of the archipelago may be used as an additional indicator
to assess the level of contamination of this area.
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