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ABSTRACT

Non-ferrous metal mining is considered one of the largest sources of toxic metal released to the environment and
may threaten ecosystems, notably biota. We explored how birds that inhabit non-ferrous metal mining sites are
exposed to mercury, lead, and other trace elements by analyzing their feathers and verifying which factors may
influence element concentrations in feathers. We sampled a total of 168 birds, representing 26 species, with
different feeding habits and migration patterns in a non-polluted reference site and two historical metal mining
areas: Almadén, which is considered one of the most heavily mercury-contaminated sites worldwide, and the
Sierra Madrona mountains where lead has been mined since ancient times. The quantification of aluminum (Al),
arsenic (As), barium (Ba), beryllium (Be), cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), iron (Fe),
mercury (Hg), magnesium (Mg), manganese (Mn), molybdenum (Mo), nickel (Ni), lead (Pb), selenium (Se),
thorium (Th), thallium (T1), uranium (U), vanadium (V) and zinc (Zn) was performed by inductively coupled
plasma mass spectrometry (ICP-MS). Feather analysis revealed contamination by Hg and Pb, in Almadén and
Sierra Madrona, respectively. We found that granivorous birds had the lowest feather Hg levels compared to
those found in omnivorous, insectivorous, and piscivorous species, whereas feather Pb was about twice as high in
granivores and omnivores, than in insectivorous and piscivorous birds. We also found differences among study
sites in 13 elements and confirmed the influence of feather age, migratory patterns of the birds, and external
deposition of elements, on metal concentrations in the feathers. Our results highlight that despite the cessation of
metal mining in the study areas, local avifauna are being exposed to Hg and Pb from abandoned mines and old
tailings sites, indicating that appropriate measures are needed to protect biota from overexposure to these toxic
metals.

1. Introduction

(Candeias et al., 2019). Though emitted several centuries ago, metals
and metalloids are still available to wildlife living in abandoned

Mining and metallurgy, especially of non-ferrous metals, are among
the primary sources of emissions of metals and metalloids to the envi-
ronment. Elements released to the atmosphere, water, and soil due to the
extraction, refining, and processing of metal ores may be bioaccessible
for living organisms (Rybicka, 1996; Venkateswarlu et al., 2016). Many
areas of the world have been affected by the metallurgical industry,
which has caused multi-element pollution to local environments

metallurgical areas (Camizuli et al., 2018; Rodriguez-Estival et al.,
2019). In our paper we have focused on mercury (Hg) and lead (Pb) —
two metals that are hazardous for all living organisms, including birds.
Mercury is considered a potent neurotoxic element (Driscoll et al., 2013)
and can cause numerous adverse health effects in birds (Whitney and
Cristol, 2017). Lead is a persistent inorganic pollutant that may affect all
body systems, producing hematological, neurological, immunological,
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reproductive, and behavioral disorders in exposed birds (McClelland
etal., 2019; Vallverdi-Coll et al., 2019; Williams et al., 2017). These two
metals, once released to the environment from mining and smelting, can
be taken up by plants and incorporated into their tissues (Kabata--
Pendias and Mukherjee, 2007), thus becoming accessible to animals
feeding on them, including herbivores, insects, earthworms, and mol-
lusks (Alvarez et al., 2018; Eeva et al., 2018; Laskowski and Hopkin,
1996). The lower trophic level consumers incorporate metals and met-
alloids into their tissues and serve as food for other animals higher in the
trophic chain (Beaubien et al., 2020; Fritsch et al., 2012). Birds are
considered valuable bioindicators or biomonitors of environmental
pollution because they usually occupy higher levels of the food chain,
accumulate different contaminants, and are sensitive enough to reflect
environmental changes (Becker, 2003; Furness and Greenwood, 1996).
Birds are exposed to metals mostly through dietary and inhalation routes
(Sanchez-Virosta et al., 2015; Sanderfoot and Holloway, 2017; Williams
et al., 2017). Another potential source of metals and metalloids for birds
is geophagy observed among many species (Beyer et al., 1999; Downs
et al., 2019; Hui, 2004). The uptake and bioaccumulation of metals and
metalloids depend on their bioavailability, route of exposure, and the
bird’s intrinsic properties, including its trophic position, feeding habits,
age, and genetic variability (Burger et al., 2008). Different tissues and
matrices are used to assess the exposure of birds to environmental
contaminants. Internal tissue analysis is considered the “gold standard”
because it gives precise information on long-term exposure to metals
and metalloids. The main disadvantage of tissue sampling is that most
samples are only available from dead animals, often with an unknown
cause of death and at various stages of decay. Blood analysis is another
possibility that may provide useful information about the current
exposure to contaminants, but blood sampling may be challenging,
risky, especially in small passerines (Sanchez-Virosta et al., 2020) and
reflects mainly recent exposure rather than body burden from long term
exposure. Finally, feather analysis is considered an alternative, less
invasive tool for assessing the exposure of birds to certain trace ele-
ments, especially Hg (Bottini et al., 2021; Gil-Jiménez et al., 2020).
However, it should be noted that element levels in feathers reflect
exposure time during which the feathers form and grow (Bottini et al.,
2021; Burger, 1993). A complicating factor may be external contami-
nation with dust or soil, showing a spectrum of elements adhering to
their surface. This may be considered a disadvantage for assessing bio-
accumulation in birds, but can be advantageous as passive bio-
monitoring reflecting the overall level of pollution of the bird’s habitat
(Jaspers et al., 2019).

The mining districts of Valle de Alcudia-Sierra Madrona in Central
Spain offer the possibility to study different scenarios of metal exposure
(i.e., Hg and Pb mines) within the same biogeographical region within
2500 km?> (Palero-Fernandez and Martin-Izard, 2005). Almadén mining
district has been the most important producer of Hg for several cen-
turies, providing this metal for gold mining in South America during
Spanish colonization (Higueras et al.,, 2013). Currently, bio-
accumulation of mercury is observed through different levels of aquatic
food webs, including bivalves (Berzas Nevado et al., 2003), crustaceans
(Rodriguez-Estival et al., 2019), fish, turtles (Ortiz-Santaliestra et al.,
2019), and river otters (Rodriguez-Estival et al., 2020). Elevated Hg
levels have also been reported in terrestrial plants, rodents (Hildebrand
et al., 1980) and wild ungulates (Patino Ropero et al., 2016). However,
the information about Hg bioaccumulation in other bird species living in
this area is limited (Hildebrand et al., 1980). Moreover, around 500
abandoned Pb mines and test sites are distributed along the Valle de
Alcudia-Sierra Madrona district, which produced widespread contami-
nation of soils, sediments, plants (Higueras et al., 2017; Reglero et al.,
2008), and animals (Ortiz-Santaliestra et al., 2019; Pareja-Carrera et al.,
2014; Reglero et al., 2009; Rodriguez-Estival et al., 2014). Here we
present the first study results that show elemental pollution in birds from
the Valle de Alcudia-Sierra Madrona district. Bird diversity in the study
areas allowed us to verify the effect of different ecological niches on

Environmental Research 212 (2022) 113575

element bioaccumulation.

The main objectives of our study were: 1) to analyze the levels of Hg,
Pb and other chemical elements (Al, As, Ba, Be, Cd, Co, Cr, Cu, Fe, Mg,
Mn, Mo, Ni, Se, Th, Tl, U, V, Zn) in the feathers of birds representing
different ecological traits and inhabiting habitats affected by metal
mining; 2) to investigate the relationship between the levels of elements
and stable isotopes in bird feathers; 3) to determine the influence of
external contamination of feathers; and 4) to assess the extent of expo-
sure of birds inhabiting Hg and Pb mining areas by comparing metal
levels in feathers with published concentrations of these elements linked
with adverse health effects.

2. Material and methods
2.1. Study sites

The research was performed in two historic mining areas and one
control area located in the center of Ciudad Real province in Spain
(Fig. 1). The first mining area, Almadén, is considered one of the largest
natural deposits of Hg on Earth (Saupe, 1990). The exploitation of Hg
ores in the Almadén district started in the Roman Empire and continued
until 2003. At that time, about 260,000 t of Hg was produced (Higueras
et al., 2011). The natural presence of Hg deposits in the rocks, and the
mining activity related to its extraction, contributed to enormous Hg
pollution of terrestrial and aquatic ecosystems in the district. The levels
of Hg found in the soil of old metallurgical sites of Almadén could reach
8889 g g’l (Higueras et al., 2003), stream waters 6-11,200 pug L~ and
sediments 0.5-16,000 pg g_l (Gray et al., 2004; Higueras et al., 2006).
The estimated mean atmospheric Hg concentration in the district in the
20th century was 600 ng m™~> (Tejero et al., 2015). Almadén district is a
semiarid area with a mean rainfall of 527 mm m~2 and an average
annual temperature of 15.3 °C. Dehesa is a predominant landscape in the
district, which means the traditional Spanish land-use system in rural
areas, mainly rangelands which are occupied by scattered oak trees
(Quercus rotundifolia, Q. suber, and Q. faginea.) and primarily used for
extensive livestock production and hunting (Joffre et al., 1988). The
sampling site in Almadén was located on the banks of the Guadalmez
River downstream from the mercury mines, approximately 13 km
southwest from the town of Almadén (38°43'03.1”N 4°57'30.5"W) at an
altitude of about 350 m above sea level (a. s. L.).

The second mining area, Sierra Madrona, is in the eastern part of the
Alcudia Valley, the major producer of Pb and other metals in Spain over
the past centuries. The mining of Pb—Zn ores in Alcudia Valley has been
carried out since the Roman Empire. Lead was produced chiefly by small
mines, but there were also several larger producers such as San Quintin,
El Horacajo, and Didgenes with production volumes of approximately
500,000, 300,000, and 200,000 t of Pb, respectively (Palero-Fernandez
and Martin-Izard, 2005). The exploitation of Pb-Zn ores resulted in
contamination of soil and biota with Pb and other potentially harmful
elements (Higueras et al., 2017; Reglero et al., 2009). The site where
birds were captured was close to the Montoro River dam and approxi-
mately 1.5 km east from the Didgenes mine (38°31'22.8"N
4°06’'00.8"W) at an altitude of about 525 m a. s. 1. The Montoro River
above and below the dam receives water and sediment from Diégenes
mine and the surrounding mountain slopes. The area is characterized by
a sub-humid Mediterranean climate with distinct seasons and is covered
by dehesa landscape (Higueras et al., 2017).

The reference area consisted of two sampling sites located northwest
of the city of Ciudad Real (Fig. 1). The first reference sampling point was
on the riverbank of the Bullaque River, 7 km southwest from the town of
Porzuna (39°06'18.4"N 4°12'47.7"W) at an altitude of approximately
568 m a. s. l. The second one was next to the town of Picon
(39°03'45.7"N 4°03'50.0”"W) at an altitude of 624 m a. s. 1. The reference
area shares the same vegetation type, climatic and geographical condi-
tions as Almadén and Sierra Madrona sites, but concentrations of Pb and
Hg in the soil, water, and plants in this area are considered background
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Fig. 1. Location of study sites on the geographical map of Spain.

(Ortiz-Santaliestra et al., 2019; Reglero et al., 2008; Rodriguez-Estival
et al., 2020).

2.2. Sampling

A total of 168 birds were mist netted between 8 and 23 of June 2017.
Captured birds represented 26 species, including: barn swallow (Hirundo
rustica), Cetti’s warbler (Cettia cetti), common chaffinch (Fringilla coe-
lebs), common kingfisher (Alcedo atthis), common nightingale (Luscinia
megarhynchos), corn bunting (Emberiza calandra), crested lark (Galerida
cristata), Eurasian blackbird (Turdus merula), Eurasian blue tit (Cyanistes
caeruleus), Eurasian collared-dove (Streptopelia decaocto), Eurasian
golden oriole (Oriolus oriolus), Eurasian great tit (Parus major), Eurasian
hoopoe (Upupa epops), Eurasian jay (Garrulus glandarius), Eurasian reed-
warbler (Acrocephalus scirpaceus), European goldfinch (Carduelis car-
duelis), European greenfinch (Chloris chloris), European stonechat (Sax-
icola rubicola), hawfinch (Coccothraustes coccothraustes), house sparrow
(Passer domesticus), Iberian azure-winged magpie (Cyanopica cooki),
Sardinian warbler (Curruca melanocephala), Spanish sparrow (Passer
hispaniolensis), spotless starling (Sturnus unicolor), eastern subalpine
warbler (Curruca cantillans), and woodchat shrike (Lanius senator).
Detailed information about the ecological traits of the species and the
number of birds captured at each study site are summarized in Supple-
mentary Table S1. The mist nets were placed in wooded areas or near the
riverbank, and their exact placings were chosen based on the structure of
vegetation and observations of birds at each study site. Erected nets were
checked every five to 10 min. Captured birds were extracted carefully
from the mist net and kept in cotton holding bags until processing. All
necessary information was recorded during the handling of captured
birds. Fully developed feathers (secondaries, tertiaries, and tail feathers)

lost by birds during capture and handling were collected. In birds with
active molt, old feathers close to being lost in the molt sequence were
plucked. Then birds were ringed and released into the wild. Each feather
was classified as old or new based on the wear of the feather, the molt
status and the bird’s age (Svensson, 1992). Samples were placed into
labeled polypropylene zip-bags and stored at —20 °C until further
processing.

2.3. Elemental analysis

For elemental analysis, all feathers taken from the bird were used
except one tail feather, which was kept to analyze stable isotopes.
Sampled feathers were rinsed vigorously with tap water, homogenized
using stainless-steel scissors, placed into polypropylene conical tubes,
and sonicated in analytical grade isopropyl alcohol (Panreac Quimica S.
L.U., Barcelona, Spain) for 10 min, followed by sonication in 1% nitric
acid (HNO3) solution for 10 min, sonicated in Milli-Q™ water for the
next 10 min and then rinsed thoroughly with Milli-Q™ water and finally
dried in open tubes at 50 °C overnight. Approximately 100 mg of pooled
and homogenized feather sample from one individual was weighed
accurately into an acid-washed quartz digestion tube. A volume of 2 ml
of 67% nitric acid (HNO3) (NORMATOM®, VWR International, Leuven,
Belgium) was added to each sample. Then, samples were heated for 1 h
at the temperature of 100 °C in a heating block (JP Selecta, Barcelona,
Spain) and then cooled to the ambient temperature. Subsequently, a
volume of 0.5 ml of non-stabilized 30% H3O, (Suprapur®, Merck,
Darmstadt, Germany) was added to each digestion tube, and another
two-step heating process was performed (1 hat 90 °C and 2 h at 120 °C).
For each digestion batch, one reagent blank and one sample of certified
reference material (CRM) were processed. After digestion, samples were
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cooled to the ambient temperature, transferred into acid-washed poly-
propylene tubes, made up to the final volume of 10 ml with Milli-Q™
water, and stored at ambient temperature until analysis.

The elemental analyses were carried out at the laboratory of the
Department of Pharmacology and Toxicology of the National Veterinary
Research Institute in Putawy, Poland (NVRI) as described previously by
Durkalec et al. (2018) with a slight modification. Briefly, the concen-
trations of trace elements were determined by inductively coupled
plasma-mass spectrometry (ICP-MS) using a 7700 x spectrometer (Agi-
lent Technologies, Tokyo, Japan). The quantification of Be, Mg, Al, V,
Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Cd, Ba, T, Pb, Th, and U was based
on a five-point external calibration curve (from 0.5 to 250 pg L°1)
prepared by dilution of multi-element standard stock solution (10
pg/ml) IV-ICPMS-71A (Inorganic Ventures, Christiansburg, VA, USA).
The analysis of Hg was performed separately based on a three-point
calibration curve (from 0.1 to 5 pg L) prepared from Hg standard
stock solution (10 pg/ml) MSHG-10PPM (Inorganic Ventures, Chris-
tiansburg, VA, USA). The multi-element standard solution containing
200 pg L™t of Bi, Li, Ho, In, Rh, Sc, Tb, and Y was prepared by diluting
6020 ISS stock solution (Inorganic Ventures, Christiansburg, VA, USA)
and used as the online internal standard. A tuning solution for ICP-MS
7500cs containing 1 ug L7t of Ce, Co, Li, Mg, T, and Y (Agilent Tech-
nologies, Santa Clara, CA, USA) was used to carry out daily optimization
of the mass analyzer. All operating conditions are included in Supple-
mentary Table S2. The trueness of the calibration curve was monitored
using the Trace Elements in Water certified reference material
SRM-1643f (NIST, Gaithersburg, MD, USA). The quality of measure-
ments was verified by analysis of trace elements in the following CRMs:
SRM-1577c Bovine Liver (NIST, Gaithersburg, MD, USA), BCR-185R
Bovine liver (IRMM, Geel, Belgium), ERM-BB186 Pig kidney (IRMM,
Geel, Belgium), and TORT-3 Lobster hepatopancreas (NRC, Ottawa,
Canada). The recoveries were summarized in Supplementary
Tables S3-S5. The results are expressed in pg g~ of dry weight (d. w.).

2.4. Stable isotope analysis

For the analysis of stable C and N isotopes, samples of feathers were
prepared separately to remove the external contamination according to
the procedure provided by the laboratory. Briefly, one tail feather was
placed in a 15 ml polypropylene conical tube and sonicated twice in
analytical grade ethanol (Panreac Quimica S.L.U., Barcelona, Spain) for
10 min with subsequent throughout rinsing with deionized water after
each sonication. Next, feather samples were sonicated with deionized
water for 10 min, rinsed thoroughly with Milli-Q™ water, and dried in
open tubes at 50 °C overnight. Then, feathers were homogenized using
stainless steel scissors and forceps, weighed to the nearest 1 mg into tin
capsules, and sent to the laboratory for the isotopic analysis. The anal-
ysis of 513C and 515N was performed at the Stable Isotope Laboratory of
Donana Biological Station (LIE-EBD, Sevilla, Spain; http://www.ebd.cs
ic.es/lie/Home.html) using a continuous flow isotope-ratio mass spec-
trometry system by Flash HT Plus elemental analyzer coupled to a Delta-
V Advantage isotope ratio mass spectrometer via a CONFLO 1V interface
(Thermo Fisher Scientific, Bremen, Germany) as described by Ramirez
et al. (2015). The method allows determining precisely 513C and 5!°N
with acceptable measurement errors of +0.1%0 and +0.2%o, respec-
tively. Stable isotope ratios are expressed in the standard &-notation (%o)
relative to Vienna Pee Dee Belemnite (5'°C) and atmospheric Ny (5°N).

2.5. Data treatment and statistical analysis

All analyses were performed using R version 4.0.2 (R Core Team,
2020). The dplyr package version 1.0.2 was used for data manipulation
and calculation of the descriptive statistics (Wickham et al., 2020), the
ggplot2 version 3.3.1 (Wickham, 2016), and the ggpubr version 0.3.0
(Kassambara, 2020) packages were used for result visualization. The
number of sampled birds was not sufficiently representative for each
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species to test the effect of taxonomy on the specific element concen-
trations in bird feathers. We consider this a major limitation of our study
(Supplementary Table S1). We wanted to test whether selected ecolog-
ical niches of birds could predict the content of elements in their
feathers. Therefore, we categorized all studied species of birds into four
feeding habit categories: granivorous (N = 78), omnivorous (N = 24),
insectivorous (N = 50), and piscivorous birds (N = 16) based on infor-
mation on their main food items. Bird species were also categorized by
migration patterns into two categories: migratory (N = 18) and resident
(N = 150). The information about main food items and movement
patterns of particular species was adapted from the Birds of the World
web page of the Cornell Lab of Ornithology (Billerman et al., 2020). We
are aware that the bird molting pattern may vary between species and
age groups, and some of the migratory species studied may have grown
their feathers on wintering grounds far from our study areas. Thus, we
have added additional information about the molting pattern of the
individual bird (SC - complete molt in the summer or WC - complete
molt during winter) (Svensson, 1992), which indicates whether an in-
dividual grew its feathers in the study area. In our study, most of the
samples (97%) were from birds that grew their feathers in the study
area, so this variable was excluded from our analysis. Left-censored data
(below the LOQ) were set as half of the LOQ. The normality of data
distribution was verified using the Shapiro-Wilk test (Yap and Sim,
2011). Since the distribution of trace element and stable isotope data
was not-normal, we used log-transformation to achieve the normality.
Generalized linear models (GLMs) were used to verify the influence of
the following factors on the concentration of each element in the
feathers: ratio of stable nitrogen isotopes (6!°N), ratio of stable carbon
isotopes 630, study site (Almadén, Control, and Sierra Madrona),
feeding habit (granivorous, omnivorous, insectivorous, and piscivo-
rous), age of feathers (new or old), and movement pattern (migratory or
resident). Since Al is known as a metal with low oral bioavailability, its
presence in feathers must be of exogenous origin and could be used to
indicate external contamination (Cardiel et al., 2011). Thus, we decided
to add the concentration of Al as an explanatory variable to verify the
source of the particular element in feathers. The GLM models with
Gaussian distribution were constructed as follows: we used
log-transformed concentration of the studied element as a dependent
variable and all factors including the concentration of Al, 51N, 8'3c,
feeding habits, age of feathers, and migration pattern as explanatory
variables. The step command with a forward-backward stepwise pro-
cedure based on Akaike’s Information Criterion (AIC) was used to
choose the best fitting model. Wald Chi-square test implemented in
mdscore package version 0.1-3 (da Silva-Jtnior et al., 2014) was used to
check if explanatory variables in the model were significant. The dif-
ferences in element concentrations between the particular factors were
verified on log-transformed values by the Tukey HSD or Student’s t-test
as post-hoc tests using the emmeans package version 1.4.7 (Lenth, 2020).
A Principal Component Analysis (PCA) was also performed to reduce the
number of dependent variables to three main principal components
(PC1, PC2, and PC3) that were tested as dependent variables in the GLM
with the site, feeding habit, age of feathers, and migration pattern
groups as explanatory variables. The PCA was computed with element
concentrations by FactoMineR package version 1.42 (Le et al., 2008) and
visualized by factoextra package version 1.0.7 (Kassambara and Mundt,
2020). The relationships between elements and between elements and
ratios of stable isotopes were verified using Spearman’s rank correlation
coefficient and visualized by corrplot package version 0.84 (Wei and
Simko, 2017).

3. Results and discussion

Concentrations of trace elements and the results of the stable isotope
analyses are summarized in Supplementary Tables S6 and S7. The GLM
analysis was performed to investigate which variables influenced the
concentrations of each of the studied elements in the feathers. The best-
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fitting GLM models are summarized in Table 1. These models were then
used to calculate the marginal mean concentrations of elements for the
categorical explanatory variables. We also performed a PCA analysis
with element concentrations to reduce the number of dependent vari-
ables. The obtained PC scores were subsequently used as dependent
variables in the GLM analysis as with the individual elements (Table 1).
The PCA of element concentrations revealed three principal components
that explained 61.9% of the variance (Supplementary Fig. S1A). The first
principal component (PCl, 46.2% of the explained variance) was
influenced by 13 elements (Al, Fe, Ni, V, Th, Cr, Ba, As, Be, U, Co, Mn,
and Mg) (Supplementary Fig. S1B). The PC2 (11.5% of explained vari-
ance) was influenced by Zn, Se, 5'°N, Cu, Mg, and Mo (Supplementary
Fig. S1C) and the PC3 (7.9% of explained variance) by T1, Cd, Cu, Pb, U,
Be, Mg, Hg. and 515N (Supplementary Fig. S1D).

Table 1

The best generalized linear models (GLMs) describe concentrations of trace el-
ements in feathers and principal component values. The models were chosen
based on Akaike information criterion (AIC). Predictors in bold font are statis-
tically significant within the model (p < 0.05, Wald’s Chi-square test). Arrows
symbolize differences between categories of the predictor versus the reference,
or the relationship between the element of concern and the predictor.

Dependent Explanatory variables

variable

Al Feeding habits (I} ***, O} ***, P|***) 4+ Migration (R1**) +
Age of feathers (NS + 815N (119

As Al (1%%%) + Site (Cl***, SM]***) 4 §'°N (1**) + Migration
R1™)

Ba Al (1%**) + §'5N (1***) + Feeding habits (I1***, Ot"S, P|NS) +
Migration (R1**)

Be Al (1P%%%) + Site (Cl*, SM{***) + s13C W) + 515N %)

Cd Age of feathers (N} ***) + Al (1**) + Migration (R|*)

Co Al (1***) + Age of feathers (N|***) + 815N (1**) + Feeding
habits (1} **, O}, P|**) + §13C (1)

Cr Al (1#%%) + Age of feathers (N1*) + Feeding habits (1,5, O1S,
PL**) 4+ 8'°N (1*%) + 8"°C (1)

Cu Feeding habits (I} *, O1P***, P|NS) 4 §15N (1%%%) 4 Al (1%**) +
813C (1***) + Age of feathers (N1™%) + Site (Cl*, SMI™)

Fe Al (1%**) 4 Feeding habits (1| ***, OJNS, P|***) 4+ Site (C|***,
SMUINS) + 815N (1**) + Migration (R1™%)

Hg Site (Cl***, SM]***) + Feeding habits (I1***, O1**, P1***

Mg Al (1%%%) + 85N (1***) + Site (CINS, SMI™S) + 8'3C (IMS)

Mn Al (1*%%) + 815N (1***) + Age of feathers (N|***) + Site (C|™5,
SM1™S) + Feeding habits (1)%, O1™S, P1**) 4 Migration (R1™%)

Mo Feeding habits (I1***, O] ***, Pt"%) + Age of feathers (N1***)
+ 85N (1P**) + Al (1*) + Migration (R1™%) + 5'3C (4N

Ni Al (1%%) + Site (C|**, SMI™) + Feeding habits (1}*, O™,
P|*) + Age of feathers (N|*) + Migration (R1"%)

Pb Al (1%**) + Site (C}***, SM1**) + Feeding habits (I} ***, oS,
P***) + §1°N (1**) + Age of feathers (NlNS)

Se 815N (1*%*) + Site (Cl***, SM|***) + Feeding habits (I1*,
Of*#* Presx) L §18C (| **+*) 4+ Al (1*) + Age(N|™S) + Migration
®RI™)

Th Al (1***) + Feeding habits (1}*, O1"5, P|***) + §'5N (1**) +
site (C1™5, SM|*) + 83C (1%)

Tl Al (1%%%) + Site (C|***, SMINS) + §'3C (1*) + Age of feathers
NTN)

U Al (1***) + Site (Cl*, SM|*) + Feeding habits (It"%, 01*, P|N%)
+ Migration (R1™) + Age of feathers (N|N5)

\% Al (1%%%) 4 Site (Cl*, SM|*) + Feeding habits (115, O™,
PU%) + 81N (1) + 81%C (U™)

Zn 8'5N (1***) + Feeding habits (I1**, O1***, P*¥) + Al (1**) +
613C (lNS)

PC1 Feeding habits (I} ***, O|***, P|***) 4+ Age of feathers
(N|***) + Migration (R1*)

PC2 Feeding habits (I1***, O1***, P{***) 4+ Migration (R1®) + Site
(Cl*, sMN9)

PC3 Site (CI™%, SM|***) + Feeding habits (11, O}*, P1N)

I - Insectivores, O - Omnivores, P — Piscivores; SM — Sierra Madrona, C — Control;
N - new feathers; R - resident; N — not significant; * - p < 0.05, ** - p < 0.01, *** -
p < 0.001.
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3.1. External contamination

Metals and metalloids could come from different sources in feathers.
Some elements may be accumulated in feather keratin during feather
formation and growth, or may adhere to the external surface of feathers
due to wet and dry deposition, contact with contaminated soil (e.g.,
when dustbathing or foraging), immersion in contaminated water, and
through the excretion of the uropygial gland during preening (Burger,
1993; Dauwe et al., 2002; Ek et al., 2004; Pilastro et al., 1993; Weyers
et al., 1988). External contamination of feathers may complicate inter-
pretation of analytical results in studies on the exposure of birds to
particular elements. Normally, cleaning of feathers before elemental
analysis is necessary for correct interpretation, but such cleaning never
completely removes the contamination adhered or adsorbed onto the
feather. On the other hand, external contamination on the feather sur-
face may give information about the presence of pollutants in the bird’s
habitat (Jaspers et al., 2019). Only a few elements are known to be
highly bioaccumulative (Hg and Se) or constitutive in feathers, such as
Cu and Zn (Borghesi et al., 2017). Other elements, including As, Pb, Cd,
may accumulate in the keratin structure to a lesser extent (Borghesi
et al., 2016). Lastly, some elements do not accumulate in feather keratin
at all, and their presence in feather samples is caused solely by external
contamination of the feather surface. Aluminum is an excellent example
of those elements that belong to the last group, as it is known to be of
external origin in feathers, and therefore can serve as an indicator of
surface contamination of feathers with inorganic particulates (Borghesi
et al., 2016; Cardiel et al., 2011). Although various cleaning procedures
have been proposed to reduce external contamination before analysis,
none of them can completely remove exogenous metallic deposits from
feather surfaces (Aloupi et al., 2020). In our study, we used a multistep
washing procedure using water, isopropyl alcohol, and diluted nitric
acid supported with ultrasound treatment. Despite thorough cleaning
before the analysis, high levels of Al were found in samples of feathers
(Supplementary Table S6). Because of that, we decided to include Al as a
predictor in the GLMs to verify if the concentration of any particular
element was influenced by external contamination. The GLM analyses
revealed that concentrations of all elements, except Hg, were highly
influenced by Al (Table 1). This corroborated findings from Spearman’s
rank correlation test that confirmed positive correlations between Al
and As, Ba, Be, Cd, Co, Cr, Fe, Mg, Mn, Ni, Pb, Th, Tl, U, and V, and
negative ones between Al and Hg, Mo, and Se (Fig. 2). Also, the results of
the PCA showed strong relationships between the group of elements that
were related to PC1, including Al, As, Ba, Be, Cd, Co, Cr, Cu, Fe, Mg, Mn,
Ni, Pb, Th, TL, U, and V (Fig. 3A, Supplementary Fig. S1B). Our results
revealed that feather Al was positively associated with concentrations of
most of the other trace elements, indicating that their deposition onto
feather surfaces may serve as an indirect, but reasonably accurate
reflection of birds’ total exposure. The one exception was the concen-
tration of Hg in feathers, which was confirmed both by the GLM analysis
(Table 1), results of the PCA (Fig. 3A), and negative correlation with Al
(Fig. 2). This was consistent with previous research that demonstrated
the endogenous origin of Hg in bird feathers (Hahn et al., 1993; Jaspers
et al., 2004) and confirmed their usefulness for the assessment of bird’s
exposure to this toxic element (Bottini et al., 2021).

3.2. Influence of feeding habits

Bioaccumulation of trace elements in avian tissues, eggs and feathers
depends largely on the trophic position of a particular bird species, their
feeding habits, and type of food consumed (Abbasi et al., 2015; Berglund
et al., 2011; Burger, 2002). Many studies have included stable isotope
analyses in blood, tissue samples, or epidermal growths of birds to
characterize their trophic position and food sources. The ratio of stable
nitrogen isotopes (5'°N) is used to describe trophic position, whereas the
ratio of stable carbon isotopes (5'3C) provides information on the origin
of the carbon source. However, linking the results of Hg and 5'°N and
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Fig. 3. PCA biplots of trace element loadings (presented as vectors) and the individuals scores of PC1 and PC2 (A); PC2 and PC3 (B) according to the bird feeding
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513C in feathers may not always be possible because of different kinetics
in stable 8'°N and §'3C and toxic elements (Bond, 2010). This compli-
cation was evident in our findings because the GLM did not reveal any
relationship between Hg and §'°N (Table 1), and revealed only a weak
positive correlation between Hg and 8!°N (Fig. 2). By using '°N anal-
ysis, we wanted to confirm the general dietary preferences of the bird
species studied and their trophic position. Our results confirmed dif-
ferences in 8'°N between feeding habit groups: granivores = omnivores
< insectivores < piscivores (Supplementary Fig. S2). The feeding habits
of birds influenced feather concentrations of 16 out of 21 elements
tested, particularly Hg and Pb (Table 1). The estimated marginal means
of these elements by feeding habit group are summarized in Fig. 4 and
Supplementary Table S8. Birds are exposed to Hg primarily as dietary
MeHg (Scheuhammer et al., 2007). Mercury bioaccumulates along the
food web gradient, and its levels rise with an increase of the trophic
level, such that Hg in detritivores < herbivores < omnivores < pisci-
vores (Atwell et al., 1998; Kidd et al., 2012). We found the lowest feather
Hg in granivorous birds compared to omnivorous, insectivorous, and
piscivorous species. Although the statistical analysis did not confirm

. Granivores
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differences in feather Hg levels between omnivorous, insectivorous, and
piscivorous birds, a visible pattern of increase could be observed along
of the trophic level (Fig. 4). We found the highest feather Hg levels in
piscivorous birds (Fig. 4). In our study, piscivores were represented by
one species — the common kingfisher. Its diet consists mainly of fish
(99.93%) but also non-fish prey such as crayfish, frogs, insects, and even
small mammals (Cech and Cech, 2015). Results of similar studies on Hg
accumulation in birds representing different feeding habits corroborate
our findings (Alleva et al., 2006). The authors found more than four-fold
higher concentrations of Hg in the liver of piscivorous than in other
feeding-habit groups of birds from the Urbino-Pesaro province in Italy. A
similar pattern was observed in birds from different provinces in Iran,
where mean feather concentration of Hg was four-fold higher compared
to herbivorous and insectivorous birds (3.07 pg g ! vs. 0.84 and 0.64 jig
g7}, respectively) (Zolfaghari et al., 2009). Our results were also in line
with those reported by Ackerman et al. (2019) and Ma et al. (2021),
which found higher Hg levels in species of birds that prefer animal-based
diet compared to those that prefer mostly plant-based food items.

Our results differ slightly from those of Abeysinghe et al. (2017) in

Omnivores . Insectivores . Piscivores
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Fig. 4. Estimated marginal means (+SEM) of trace elements in feathers (in pg g—1 of dry wt.) by bird feeding habits calculated based on GLM models with Al as a
covariate. The results were averaged based upon the study site, age of feathers, and migration pattern. Different letters above bars denote significant differences

between groups (p < 0.05).
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the food web of rice fields cultivated in an inactive Hg mining district in
China, where the highest feather Hg levels were found in insectivorous
birds than in granivorous and piscivorous species. The authors found
similar levels of Hg in the feathers of granivores and kingfisher, which
was explained by the high proportion of rice (with high Hg levels) in the
diet of granivores (Abeysinghe et al., 2017). Our results were also in
contrast with those reported by Leonzio et al. (2009) in passerine birds
from Montepulciano wetlands, located in an agricultural area, where
feather Hg concentration in insectivorous and granivorous species was
more than six times higher than in omnivorous ones. Similarly to Hg, the
lowest feather Se and Zn were found in granivores (Fig. 4, Supplemen-
tary Table S8).

Lead levels in feathers have been documented as having endogenous
and exogenous origins (Dauwe et al., 2002). Feather Pb levels could
reflect dietary exposure of birds to this metal, which was confirmed in
experimental studies on blue tit nestlings only orally exposed to lead
acetate (Markowski et al., 2013). In our study, granivorous and
omnivorous birds had concentrations of Pb more than twice higher than
insectivorous and piscivorous species (Fig. 4, Supplementary Table S7).
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Our findings were in line with the results of Chapa-Vargas et al. (2010)
from mining areas in southern Mexico, where granivorous, omnivorous,
and insectivorous-frugivorous birds had blood Pb levels twice higher
than exclusively insectivorous species. The authors hypothesized that
ingestion of food items contaminated with dust that contained Pb was
the main reason for elevated blood Pb in birds that prefer grains, seeds,
herbs, and fruits (Chapa-Vargas et al., 2010). According to Bennett et al.
(2011), accidental soil ingestion and intentional grit ingestion are
important sources of Pb for birds. Birds that feed on hard plant material
need to have a certain amount of grit in their gizzards which aids in
grinding larger food particles to make them digestible (Best and Staf-
ford, 2002). Gizzards of granivorous birds may contain more grit than
those of insectivorous, omnivorous, and frugivorous ones (Gionfriddo
and Best, 1996). Birds that live in areas affected by metal mining have
access to mine tailings or other rock waste that likely contain a sub-
stantial amount of toxic metals, including Pb. Such material ingested
directly or with food items, may contribute to the endogenous origin of
Pb in feathers. We believe that feeding behavior, i.e., feeding on the
ground, contributes to higher feather Pb in granivores and omnivores
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due to dust exposure. These species may also be exposed to metal-rich
particles when dustbathing close to mine waste deposits which con-
tributes to both “internal” and external contamination of feathers with
Pb or other related metals such as Al, Co, and Fe. The highest feather Al
was found in granivorous birds (523 pg g~ 1), which was almost twice,
four-fold and 23-fold higher than in omnivorous, insectivorous, and
piscivorous birds (Fig. 4). A similar pattern was observed for Co, and Fe,
where concentrations of those two metals decreased as follows grani-
vores > omnivores > insectivores > piscivores. Mean concentrations of
Ni in feathers showed the same pattern as Al, Co, and Fe, but those
differences were not confirmed statistically. GLM analysis of PC1, PC2,
and PC3 scores confirmed that feeding habits influenced concentrations
of elements. PC1 scores were positively impacted by granivorous type of
feeding than in omnivorous, insectivorous, and piscivorous (Fig. 3C),
whereas PC2 scores showed the opposite pattern (Fig. 3D). Negative PC3
scores were found in omnivorous species compared to other feeding
habit groups (Fig. 3E).

3.3. Influence of site

Our results showed that the study site influenced the feather con-
centrations of 14 elements (As, Be, Cu, Fe, Hg, Mg, Mn, Ni, Pb, Se, Th, T,
U, and V) (Table 1). Estimated mean concentrations of As, Be, Hg, Se,
and U in feathers of birds from Almadén were higher compared to those
of birds captured in Sierra Madrona and the reference site (p < 0.05)
(Fig. 5, Supplementary Table S9). The average concentration of Hg in
feathers of birds from Almadén (0.369 pg g~ ') was more than four- and
eight-fold higher than in Sierra Madrona (0.088 pg g~!) and control sites
(0.044 pg g7V, respectively (p < 0.05). Our results of Hg differed from
those reported from small terrestrial birds living in areas of Hg mining
worldwide. He et al. (2020) analyzed concentrations of Hg in feathers of
different bird species from a heavily polluted area in Guangxi province
in southern China, where Hg was mined for near 50 years. The authors
found feather Hg more than five-fold higher than that reported in our
study from the Almadén site. Our results of Hg were also lower than
those found in the European bee-eater (Merops apiaster) from an aban-
doned cupric-pyrite mine in southeast Portugal (Lopes et al., 2010), and
less than half that reported in different bird species by Sierra-Marquez
et al. (2018) from sites contaminated by artisanal gold mining in
northwestern Colombia. However, our results were almost eight-fold
higher than that found in feathers of song sparrows (Melospiza melodia
fallax) from an area of Sonoita Creek (Arizona, USA), which receives
contaminants from a variety of natural and anthropogenic sources,
including runoff from urban areas, active and abandoned mines, as well
as effluent from a waste-water treatment plant, after the upgrading of
waste-water facilities (Lester and Van Riper, 2014). Regarding Pb, the
highest estimated marginal mean concentration was found in feathers of
birds from the Sierra Madrona site (1.596 pg g~ 1), followed by Almadén
(0.893 pg g~ 1), and control (0.340 pg g~ 1). Our results of feather Pb in
birds from Sierra Madrona differ from results reported from other sites
affected by metal mining. The average Pb level from Sierra Madrona
birds was more than 22-fold lower compared to levels reported in
different bird species by He et al. (2020) from the area of Yulan mine
located in Guangxi province in China, and approximately half lower
than those found in birds from different industrial areas in Pakistan
(Abbasi et al., 2015). However, the authors studied only resident bird
species, including also carnivorous and scavengers. Feather Pb levels in
small terrestrial birds may be influenced by the proximity of the bird’s
habitat to the emission source. Janssens et al. (2001) analyzed feathers
of great tits (Parus major) nesting in areas at different distances from a
metal smelter in Belgium, showing that feather Pb was correlated with
the distance between tit nests and the source of pollution.

The level of Pb in birds that nested closely to the smelter (<350 m)
reached 230.5 pg g~ ! and decreased by approximately 76.3% and 96.5%
in those nesting 2.5 km and 20 km away from the smelter, respectively
(Janssens et al., 2001). Although our sampling site at Sierra Madrona
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was located approximately 1.5 km east of one of the abandoned
Didgenes mine, territories of sampled birds may have been larger and
not overlap with the area affected by the mine. Similar to Pb, birds from
Sierra Madrona had higher feather concentrations of Mg and Mn
compared that those captured in control site (142 vs. 107 pg g~ ! and
8.27 vs 5.28 ug g1, respectively). Birds from both mining sites had more
than twice higher levels of Ni and Tl than those living in control one
(Fig. 5 and Supplementary Table S9).

3.4. Influence of feather’s age

The age of feathers can affect the levels of metals and metalloids,
which can be of both internal and external origin. Old plumage that has
been exposed to the environment for a long period of time is expected to
contain higher external load of metals than newly grown feathers
(Burger, 1993). In our study, we found that feather concentrations of Al,
Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb, Se, Tl and Zn were influenced by the age
of feathers (Table 1). Cadmium levels in old feathers were almost three
times higher than in new ones (Fig. 6, Supplementary Table S10). A
similar difference was found for Mn, where the concentration of this
metal in old feathers was twice as high compared to freshly grown
feathers. We also noticed significant but slightly lower differences in
concentrations of Co and Ni between old and new feathers (Fig. 6). Also,
the levels of Al, Pb, Se and U seemed to be higher in old feathers than in
new ones, but these differences were not statistically confirmed. The
opposite patterns were observed for Cr and Mo, where concentrations of
these elements were about 20% higher in new than in old feathers
(Fig. 6, Supplementary Table S10).

3.5. Influence of migration

The results of GLM analysis showed that migration status affected the
concentration of several elements in the feathers (Al, As, Ba, Cd, Fe, Mn,
Mo, Ni, Se, and U) (Table 1). Resident species had Al in their feathers
almost twice as high as migratory ones (175.60 pg g~ vs 97.90 pg g%, p
< 0.05). A similar difference was found in Ba levels between resident
and migratory birds (3.59 pg g-1 vs. 2.66 pg g1, p < 0.05). The opposite
trend was observed for Cd, where this toxic metal level was more than
twice as high in migratory birds (0.010 vs. 0.004 pg g1, p < 0.05).
Selenium levels as well as As, Fe, Mn, Mo, Ni, and U were higher in
migratory birds than residents, but the difference was not significant
(Fig. 7, Table S11). This was likely a result of unequal sample sizes in
both groups of birds, which we addressed as a limitation of this work.
Our study showed no effect of migration status on feather Hg and Pb
levels. Ackerman et al. (2019) found that blood Hg levels in birds
making a summer or winter stopover in the Central Valley of California,
or year-round residents had higher Hg levels than in migratory species.
However, they found no differences in feather Hg content among the
groups of birds studied, which supports our results.

Other authors who studied Hg levels in aquatic birds in the Gulf of
California found higher mercury concentrations in residents compared
to migratory birds; however, the authors suggest that this was due to
dietary differences rather than migration status (Ruelas-Inzunza and
Paez-Osuna, 2004). Cooper et al. (2017) studied blood and feather
accumulation of different metals in resident northern cardinal (Cardi-
nalis cardinalis) and migratory great-crested flycatcher (Myiarchus cri-
nitus) to check if migration may determine metal exposure. The
flycatchers were exposed to different levels of heavy metals during
feather formation on their wintering grounds compared to those they
were recently exposed to on their breeding grounds.

3.6. Potential adverse effects of Hg and Pb
Mercury exposure may cause many deleterious effects in birds, such

as lowered reproductive success, behavioral and neurological disorders,
oxidative stress, altered immune response and hormone levels (Whitney
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and Cristol, 2017). We compared our results with suggested threshold
levels of toxic elements in feathers that correspond with different sub-
lethal effects in birds (Burger and Gochfeld, 1997; Jackson et al., 2011;
Ma et al., 2018). Ma et al. (2018) discovered that feather Hg higher than
1.43 pg g ! may lead to reduced migration success and survival in

blackpoll warbler (Setophaga striata). In our study, 28% (5/18) of birds,
including barn swallow and common nightingale, had feather Hg higher
than the aforementioned threshold. Our results revealed that 13%
(9/69) of birds from Almadén had levels of Hg in feathers higher than a
suggested threshold of 3 pg g™, which corresponds with reduced nest
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success in small passerines (Jackson et al., 2011). Those birds belonged
to eight species including common kingfisher (N = 3), Cetti’s warbler (N
= 3), Iberian azure-winged magpie (N = 1), barn swallow (N = 1),
common nightingale (N = 1), and European stonechat (N = 1). Amongst
them, six individuals had Hg concentrations higher than 5 pg g1, which
has been associated with adverse effects including reproductive disor-
ders (Burger and Gochfeld, 1997).

We also found that Pb concentrations in the feathers of 14% (6/43) of
Sierra Madrona birds and 4% (3/69) of Almadén birds were above a
threshold of 4 pg g1, which is known to be associated with various
behavioral, cognitive, and health effects in seabirds (Burger and Goch-
feld, 2000). The birds with feather Pb concentrations higher than the
suggested threshold belonged to four species: Eurasian jay (N = 1),
house sparrow (N = 3), Iberian azure-winged magpie (N = 3), and
Spanish sparrow (N = 2). Our findings highlight the need for further
research that will use bioindicator species with small home ranges to
identify potential hotspots of Hg and Pb emission in mining areas that
should be remediated to protect local fauna from overexposure to toxic
metals.

4. Conclusions

Our work shows the broad spectrum of metals and metalloids present
in the feathers of birds inhabiting two abandoned non-ferrous metal
mining areas in Spain. Overall, our results contribute to a better un-
derstanding of the effects of metal and metalloid pollution in areas of
former metal mining on local avifauna. Despite some limitations, we
indicated which ecological traits influence the concentrations of the
studied elements in feathers. Our results confirmed that the concentra-
tions of the majority of elements in feathers are largely influenced by
their feeding habits, the age of feathers, and migration status. We also
found differences in the elemental contents of feathers between the
mining areas and the control area, indicating that feathers can serve as
reliable passive bioindicators of habitat pollution. Analyzing the
elemental content of feathers, it is crucial to keep in mind that despite
thorough cleaning of feathers, external contaminants may persist and
affect the interpretation of analytical results. Our data reveal continued
exposure to Hg and Pb in birds living in the Almadén and Sierra
Madrona mining areas with abandoned mines and spoil dumps,
respectively. These defunct mine sites have never been remediated. We
believe that much effort is still needed to secure these areas to protect
local wildlife from the exposure to toxic elements.
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The study was approved by the Local Committee on Ethics and An-
imal Experimentation of the University of Castilla-La Mancha (PR-2016-
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avp_16_024,178/17) and carried out according to the current Spanish
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