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Abstract The white stork (Ciconia ciconia) is being

increasingly used in biomonitoring programmes of envi-

ronmental contaminants due to its growing population in

Europe; however, studies on inorganic elements are scarce.

The blood of 70 white storks was collected and analysed by

inductively coupled plasma mass spectroscopy (ICP-MS)

to determine the presence of the following elements: lead

(Pb), mercury (Hg), arsenic (As), nickel (Ni), iron (Fe),

zinc (Zn), copper (Cu), selenium (Se), manganese (Mn),

chromium (Cr), cobalt (Co), and cadmium (Cd). Our main

goals were to determine the mean concentrations of these

elements in the blood and to study its association with age

and gender. Mean concentrations were highest for Fe,

followed by Zn, and lowest for Co and Cd. The metal

levels were similar to the values referred in the literature

for the same species from different locations. No statisti-

cally significant differences were found between males and

females. Regarding age, statistically significant differences

were observed for Ni, Cu, Se, Hg, and Pb between young

and adult animals (except for Pb, values in adults were

higher than in fledglings). Many element concentrations

were correlated, with the strongest correlations between the

pairs Hg–Se, Hg–As, and Fe–Zn, mainly in adults. This

study provides the baseline data for a monitoring program

based on white stork blood as a nondestructive sample.

Birds have been playing a prominent role in the monitoring

of different types of pollutants that are released into the

environment (Furness 1993). Although most biomonitoring

studies using birds have been conducted on internal tissues,

the number of studies using nondestructive methods, such

as measuring concentrations in unhatched eggs, faeces,

feathers, and/or blood, is increasing (Blanco et al. 2003;

Berglund et al. 2011; Burger and Gochfeld 2009; De la

Casa-Resino et al. 2015a, b). Blood is the tissue of choice

for nondestructive biomonitoring when determining the

recent exposure to inorganic contaminants, because it is

obtained quickly and easily with minimal risk and can be

obtained repeatedly from the same individual if required,

without sacrifice (Fossi and Leonzio 1993). However, to

assess an ecosystem’s health adequately by means of

biomonitoring, representative species must be selected, as

some species have biological habits that increase their

likelihood of exposure to contaminants and thus provide

relevant information (Carneiro et al. 2014). The white stork

(Ciconia ciconia) has been considered a good indicator of

the quality of the natural environment (Tkachenko and

Kurhaluk 2012), and the blood of white stork chicks has

been used as a bioindicator of environmental contamina-

tion by metals (Baos et al. 2006a, b; Benito et al. 1999;

Cabo et al. 2012; De la Casa-Resino et al. 2014, 2015b;

Kamiński et al. 2006, 2008; Pérez-López et al. 2016). The

blood of white storks also has been used, although scarcely

in biomonitoring projects on organic contaminants
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(Blázquez et al. 2006; De la Casa-Resino et al. 2015a, b;

Pérez-López et al. 2016).

Metals and metalloids are natural components of the

environment, and many are essential to metabolic activities

and indispensable to life, such as cobalt (Co), copper (Cu),

iron (Fe), manganese (Mn), and selenium (Se) (Benito et al.

1999); however, in high doses, they may be toxic (Benito

et al. 1999; Carneiro et al. 2014; Lucia et al. 2010).

Moreover, the variability in the levels of these elements

found in bird bodies is influenced by background envi-

ronmental levels (Blanco et al. 2003), which will be

reflected in the amounts accumulated. Other elements, such

as lead (Pb), mercury (Hg), nickel (Ni), cadmium (Cd), and

arsenic (As), are generally not required for the metabolic

activity, are highly toxic to wildlife, and even in low doses

can have harmful effects on animals (Carneiro et al. 2014;

Florea and Büsselberg 2006; Merian 1991). In fact, pol-

lution by metals and metalloids represents a serious threat

to ecosystems and is responsible for numerous pathologies

in wildlife (Lucia et al. 2010). These elements are com-

monly found in the environment because of natural

occurrence and/or human activities, such as industries and

agriculture (Lucia et al. 2010), and their concentration

might be increased through food webs (Hernández et al.

1999; Koivula and Eeva 2010).

It is known that even closely related bird species may

show different metal accumulation and excretion (Beyer

et al. 1988; Berglund et al. 2011; Burger and Gochfeld

2009; Eeva et al. 2009; Hofer et al. 2010). This fact could

be related to different trophic levels, diets, or physiological

and ecological species-specific trace-element requirements

(Berglund et al. 2011). The levels of trace elements and

their effects on organisms are in fact influenced by

numerous factors related to habitat, physiology, and life

history (Peakall and Burger 2003). Also, interactions

between elements sometimes occur, including essential

elements that can have an active role in the detoxification

of toxic elements (e.g., Se and Hg, respectively) (Yang

et al. 2008).

When interpreting metal concentrations in blood, the

birds’ age also should be considered (Garcı́a-Fernández

et al. 1996; Burger and Gochfeld 1997a). The sampling of

nestlings has the benefit of providing data from a limited

time-period and territory as they are fed entirely on food

resources obtained locally (De la Casa-Resino et al. 2014).

On the other hand, adults, as already mentioned, might

accumulate metals over a longer period and during

migration (Furness 1993; Berglund et al. 2011). Most of

the studies on metals presence in the blood of white storks

have focused on nestlings (Alvarez et al. 2013; Baos et al.

2006a, b; Benito et al. 1999; Cabo et al. 2012; De la Casa-

Resino et al. 2014, 2015b; Meharg et al. 2002; Pérez-López

et al. 2016), and only one study reported an increase in the

concentration of Cd, Pb, and Co in the blood of white stork

chicks during the nestling development (Tkachenko and

Kurhaluk 2012). Information on metal concentrations in

adult white storks is almost inexistent and only related to

internal tissues, such as the kidney, liver, or muscle

(Gómez et al. 2004). So, data about potential differences in

metal levels in white storks according to age are needed.

Sex has been indicated as a significant factor for the

accumulation of Cd in the liver of several bird species,

including the white stork, with males showing higher

concentrations than females (Gómez et al. 2004). Laying

females may pass some metals to their eggs (e.g., Hg, Pb,

and Ni) (Blanco et al. 2003; Mansouri and Hoshyari 2012)

but usually a smaller amount than that excreted during

moulting (Furness 1993; Honda et al. 1986). Although

several studies have shown significant differences in metal

levels between male and female birds, these differences

can be considered small compared with the high levels of

individual variation (Furness 1993). Peakall and Burger

(2003) also referred gender-related differences in the sus-

ceptibility of birds to metals, because the size and type of

the captured prey they eat (and, consequently, the amount

of contaminants that are ingested) is conditioned by the

size differences between males and females. The white

stork is a monomorphic bird species, and its size is similar

in both genders (Kamiński et al. 2015). So, differences in

feeding related to different sizes and types of prey are not

expected, neither are important differences in the concen-

trations of chemical elements in their blood. However, to

the best of our knowledge, the influence of gender on blood

metal levels in white storks has not been previously

studied.

Blood samples from white stork fledglings and adults

from Extremadura (a region in western Spain) were col-

lected, and 12 elements [Fe, zinc (Zn), Cu, Se, Pb, Hg, Mn,

As, Ni, chromium (Cr), Co, and Cd] were analysed. The

study was designed to evaluate the white storks’ degree of

exposure to those elements and to examine whether the

levels of the elements in their blood are affected by age and

gender, as happens in other bird species. Of the 12 ele-

ments, some were selected for being nonessential elements

considered highly toxic (As, Cd, Pb, and Hg) and the others

for being essential trace elements whose metabolism can be

altered by the nonessential ones.

Materials and Methods

Selection of Animals and Collection of Samples

The blood samples were collected from a total of 70 white

storks living in the ‘‘Los Hornos’’ Wildlife Recovery

Centre, in Extremadura, Spain, during 2006 (11 fledglings),
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2007 (26 fledglings and 19 adults), and 2008 (14 adults).

The birds were classified into two groups: adults, which

had more than 2 years of age and a bright red beak and red

legs (n = 33), and young birds, which were fledglings aged

6–9 weeks (n = 37). In the case of fledglings, the cause of

entry at the Recovery Centre was having fallen to the

ground when practising their flight, without suffering

wounds. The adults from our study were admitted after

suffering electrocution from overhead power lines or wing

injuries that prevented them from flying; in both cases,

there had been no significant loss of blood or life-threat-

ening injuries. The blood samples were only collected after

the animals had recovered from inflammatory processes

and when their health status allowed drawing blood

(5–10 days). Every bird was physically and clinically

assessed by the veterinary staff of the Recovery Centre.

They were kept outdoor in a flight cage

(20 m 9 20 m 9 5 m), with water ad libitum. Their diet

was based on cut up domestic chicken and 1-day-old dead

domestic chicks (Gallus gallus domesticus) throughout the

recovery period. We were authorised by the local govern-

ment (Consejerı́a de Medio Ambiente of Junta de Extre-

madura) to perform blood sampling.

The manipulation of birds was performed carefully to

generate minimal stress to the animals, which were gently

restrained by hand during blood collection. The blood was

sampled in the morning, to avoid errors due to circadian

variations, in the spring season. Each sample of blood

(3–5 ml) was obtained from the brachial vein using a

0.8 9 25-mm needle and a 5-ml heparinised syringe

(lithium heparin). Following clinical practice guidelines,

the blood collected did not correspond to more than 1% of

each bird’s body weight (Gaunt et al. 1997). The sample

was transferred into 1.5-ml Eppendorf� tubes that had been

previously washed with 2% HNO3 for elemental analysis.

Additionally, a drop of blood was preserved in alcohol in

an Eppendorf� tube for further bird gender identification.

All samples were individually labelled, refrigerated and

transported to the laboratory where they were stored at

-80 �C until the elemental determination by inductively

coupled plasma mass spectroscopy (ICP-MS).

Determination of Elements in Blood

A detailed description of the methodology and analytical

conditions of this study can be found in De la Casa-Resino

et al. (2014). In summary, 200 lL of blood were added to

50 lL of isopropanol and 25 lL of the internal standard

solution (a solution of yttrium, rhenium, rhodium, and

tellurium at 10 mg/L purchased from PerkinElmer Inc.,

Shelton, CT). An aqueous solution containing NH4OH

(0.7 mM), Triton X-100 (0.07% v/v), and EDTA

(0.01 mM) was added to the previous mix until reaching a

total of 5 mL; the final mixture was vortexed and analysed.

The analysis was performed in the Elemental and Molec-

ular Analysis Laboratory of the Research Support Service

(SAIUEX, accredited by ISO 9001:2008) of the University

of Extremadura (Caceres, Spain), using the NexION 300D

ICP-MS equipped with an S10 autosampler (PerkinElmer,

Inc.). The method chosen was ICP-MS, because it provides

adequate low detection limits and allows the simultaneous

determination of several elements. The limit of detection

(LOD) of the elements in the blood were 1.40 lg/L for Cr,

0.92 lg/L for Ni, 41.18 lg/L for Fe, 3.46 lg/L for Cu,

0.59 lg/L for Mn, 0.42 lg/L for Co, 0.25 lg/L for Cd,

0.21 lg/L for Pb, 3.01 lg/L for Hg, 1.55 lg/L for Se,

13.45 lg/L for Zn, and 0.50 lg/L for As. Calibrating

solutions were prepared every day using a 10-mg/L Multi-

element Calibration Standard 3 (PerkinElmer, Inc., Shel-

ton, CT) and were surveyed the same way as the samples.

A whole-blood certified reference sample (Seronorm�

Trace Elements Whole Blood) was used for elemental

precision. The values obtained for every element were

consistent with the certified reference values. The obtained

recoveries ranged from 92% (Hg) to 107% (Se), and the

coefficients of variation for replicate samples (n = 5) were

lower than 6.5%. The syringes and tubes used for blood

sampling, as well as all the material used in this analysis,

were prewashed with 10% HNO3, and blanks (including

lithium heparin) were included in every batch of analysis.

Gender Determination

Because the white stork is a monomorphic species, a PCR

technique based on the CDH-W-related sequence on the W

chromosome was used to determine the gender of the

sampled animals, as described by Griffiths et al. (1996).

Female birds have heterogametic (ZW) chromosomes,

whereas male birds have two identical chromosomes (ZZ).

The Genetic Unit of the Faculty of Veterinary Medicine of

the University of Extremadura (Caceres, Spain) applied

this methodology and safely determined the gender of 23

fledgling and 19 adult white storks. Therefore, the influ-

ence of gender was only studied in these 42 animals.

Statistical Analysis

The obtained results were presented based on mean ± s-

tandard deviation, 25 and 75 percentiles, median, and

minimum and maximum values for the whole samples. The

results also were grouped according to age (fledglings or

adults).

The data were analysed using the statistical software

Prism 6, version for Windows (GraphPad software, Inc.,

CA) and the LibreOffice spreadsheet. The data were tested

for normality (test of Kolmogorov–Smirnov, D’Agostino–
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Pearson and Shapiro–Wilk) and homoscedasticity

(Levene’s test), but the distributions of the data signifi-

cantly differed from the normal. After log transformation,

not all variables showed a normal distribution, and the

assumptions of the parametric tests were not fulfilled, so

nonparametric tests were used in every analysis. The

Mann–Whitney test for two independent samples was used

when comparing two groups (fledglings 2006 vs. fledglings

2007; adults 2006 vs. adults 2007; fledglings vs. adults;

females vs. males). The Kruskal–Wallis test (followed by

post hoc Dunn’s test) was applied to compare four groups

with samples smaller than 30 (fledgling males; fledgling

females; adult females; adult males) when studying the

influence of both factors (age and gender) for each element.

To assess the correlation between the different element

concentrations in the blood, the Spearman correlation test

and its statistical significance were used. Data were con-

sidered statistically significant at p\ 0.05.

A value of one-half the detection limit was assigned to

every blood sample below the LOD and included in the

data set for statistical treatment; this technique minimises

nominal type I error rates (Clarke 1998).

Results

Most of the samples analysed exhibited values above the

LOD for the elements evaluated, except for Cr, Ni, Cd, As,

Co, and Hg (with 57, 35, 30, 11, 1.4, and 1.4% of samples

below the LOD, respectively). Co and Cd were the ele-

ments with the lowest concentrations in the blood, whereas

Fe, Zn, and Cu were the elements with the highest con-

centrations (Table 1).

When comparing the data of different years of sampling

for each age group, no statistical differences were observed

(p[ 0.05 in the Mann–Whitney test for fledglings 2006 vs.

fledglings 2007 and adults 2006 vs. adults 2007, in all

variables studied). So, the years of sampling were not

considered when grouping the specimens by age, and only

two groups were considered: fledglings and adults.

Influence of Age and Gender

A statistical influence of age was observed in the concen-

trations of five elements: Ni, Cu, Se, Hg, and Pb (Table 2).

For Ni, Cu, Se, and Hg, values in adults were higher than in

fledglings. For Pb, the opposite was observed. No statisti-

cally relevant differences were detected in the concentra-

tions when only gender was considered. However, when

age and gender were considered simultaneously (Table S1,

Supplementary Material), the differences related to age that

had been previously observed for Se and Pb were directly

associated with males (Fig. 1). It is noteworthy that, when

assessing age and gender simultaneously, a statistically

significant difference in Cr was found between the four

groups (p\ 0.05), mainly due to a statistically significant

difference between female fledglings (all the animals in

this group had values\LOD) and male adults (the highest

mean).

Correlations

With respect to the correlation analysis, several significant

inter-element correlations were detected (Table 3). When

all data were considered together, a total of 20 significant

Spearman correlations were obtained, most of which were

Table 1 Main statistics for all variables in study (mean ± SD, SEM, minimum (in brackets: percentage of samples with values\LOD),

maximum, median, and percentile 25 and 75% concentrations) obtained from white stork blood (n = 70)

Mean ± SD SEM Minimum (%\LOD) 25% percentile Median 75% percentile Maximum

Fe (mg/L) 412.70 ± 74.45 8.90 237.80 345.50 420.00 467.70 598.50

Cr (lg/L) 1.66 ± 1.54 0.18 \LOD (57%) 0.70 0.70 2.12 7.35

Cu (lg/L) 494.40 ± 137.80 16.47 280.30 411.20 450.80 550.00 934.70

Mn (lg/L) 46.50 ± 19.63 2.35 10.20 34.03 44.30 55.80 115.60

Ni (lg/L) 2.13 ± 2.56 0.31 \LOD (35%) 0.46 1.23 2.75 12.60

Zn (lg/L) 2314 ± 245.90 29.39 1605 2137 2328 2486 2889

Se (lg/L) 363.60 ± 163.60 19.55 122.90 251.40 331.80 431.50 988.40

As (lg/L) 20.96 ± 38.94 4.65 \LOD (11%) 1.62 6.11 24.63 259.80

Co (lg/L) 1.26 ± 0.60 0.07 \LOD (1.4%) 0.86 1.21 1.44 3.12

Cd (lg/L) 1.05 ± 2.41 0.29 \LOD (30%) 0.13 0.53 0.88 14.40

Hg (lg/L) 98.53 ± 105.50 12.61 \LOD (1.4%) 17.90 59.65 142.80 457.40

Pb (lg/L) 102.70 ± 90.90 10.86 8.62 50.98 79.40 112.00 497.00

SD standard deviation, SEM standard error of mean, LOD limit of detection
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positive and only two (Mn–Zn and Ni–Pb) were negative.

As, Mn, and Cu were the elements with the highest number

of significant correlations (6, 6, and 5, respectively).

However, the most significant correlations were found in

pairs Hg–Se, Hg–As, and Fe–Zn (Fig. 2). When the cor-

relation study was performed considering age, the adult

group showed a higher number of significant correlations

(n = 25) compared with only nine in fledglings (Table S2,

Table S3, Supplementary Material). With respect to gen-

der, no correlations were observed when all data were used.

When both factors were considered simultaneously (age

and gender), these same correlations were detected, espe-

cially associated with adults and particularly with males:

19 pairs of elements were significantly correlated in male

adults and 15 in female adults. On the other hand, female

fledglings represented the group with the smallest number

of significant correlations—only five, and male fledglings

had eight.

Discussion

In our study, Fe was the metal with the highest concen-

tration, followed by Zn, Cu, Se, Pb, Hg, Mn, and As; Ni,

Cr, Co, and Cd had the lowest concentrations. A similar

order of levels of concentration—Fe with the highest

concentrations, followed by Zn, Cu, Cr, Ni, Pb, and Cd—

was observed in mallards (Anas platyrhynchos) from urban

areas in Poland. Se, Hg, Mn, As, and Co were not measured

in those animals (Binkowski and Meissner 2013). Fe, Zn,

Cu, and Se were expected to have the highest concentra-

tions since all of them are essential elements and are

always at higher levels than nonessential elements, such as

As, Cd, and Hg, which showed much lower concentrations

in this study. The very high level of Fe (which had to be

expressed in mg/L instead of lg/L) results from the fact

that most of the Fe in the body is bound to haemoglobin,

and we used total blood (including erythrocytes loaded

with haemoglobin) in our analysis, instead of plasma or

serum, as done in other studies (Kamiński et al. 2008).

The values obtained for Se were similar to those quan-

tified in the blood of white stork chicks from Southern

Spain (382 lg/L) (Alvarez et al. 2013) but markedly higher

than the values of white stork chicks sampled in the same

region of Spain—Extremadura (De la Casa-Resino et al.

2014). These differences are not unusual because blood

concentrations of Se reflect recent exposure due to its short

half-life in the blood—37 days for wild spectacled eiders

(Somateria fischeri) and ten days for captive mallards

(Grand et al. 2002; Wilson et al. 2004). If the background

levels of Se (100–400 lg/L) proposed by the U.S.

Department of the Interior (Interior 1998) were applied,

almost 30% of the samples (most of them from adults)

would exceed those levels.

Cu levels in the blood of white storks were, overall,

similar to or even lower than those found in conspecifics

from other natural areas around Spain (i.e., Doñana

National Park, Southwestern Spain) (Baos et al. 2006b;

Benito et al. 1999) and, in all cases, lower than those

reported for birds sampled near potential sources of

Table 2 Main statistics for all variables in study (mean ± SD, median, minimum, maximum) obtained from white stork blood, according to the

age (fledglings n = 37; adults n = 33)

Fledglings Adults M.W.a

Mean ± SD Minimum Median Maximum Mean ± SD Minimum Median Maximum p value

Fe (mg/L) 403.40 ± 59.61 288.20 410.70 521.20 423.20 ± 87.97 237.80 421.80 598.50 ns

Cr (lg/L) 1.23 ± 0.85 \LOD 0.70 3.75 2.13 ± 1.97 \LOD 0.70 7.35 ns

Cu (lg/L) 437.40 ± 107.80 280.30 422.90 873.80 558.40 ± 141.00 364.60 528.8 934.70 ***

Mn (lg/L) 49.71 ± 16.16 29.70 45.70 115.60 42.89 ± 22.63 10.20 38.20 89.00 ns

Ni (lg/L) 1.61 ± 2.53 \LOD 0.46 12.60 2.72 ± 2.50 \LOD 2.15 10.70 ***

Zn (lg/L) 2290 ± 242.70 1605 2323 2889 2340 ± 250.70 1817 2329 2808 ns

Se (lg/L) 276.70 ± 95.03 122.90 262.60 551.90 461.00 ± 70.40 292.00 414.3 988.4 ***

As (lg/L) 15.52 ± 26.82 \LOD 5.02 135.60 27.07 ± 48.86 \LOD 11.00 259.8 ns

Co (lg/L) 1.35 ± 0.63 0.62 1.22 3.02 1.16 ± 0.54 \LOD 1.19 3.12 ns

Cd (lg/L) 1.20 ± 3.14 \LOD 0.42 14.40 0.89 ± 1.16 \LOD 0.59 6.76 ns

Hg (lg/L) 49.81 ± 52.17 \LOD 30.60 232.50 153.20 ± 123 5.97 116.2 457.40 ***

Pb (lg/L) 130.60 ± 108.50 8.62 90.10 497.00 71.29 ± 51.39 9.40 62.00 244.60 *

SD standard deviation, ns not significant

* p\ 0.05; *** p\ 0.001
a Mann–Whitney two-tailed U test between fledglings and adults
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contamination by metals (Kamiński et al. 2008; Van Eeden

and Schoonbee 1996). Concentrations of Cu in tissues may

vary highly during the year and also may be associated

with pollution of the environment (Kalisinska et al. 2004;

Parslow et al. 1982), mainly when caused by a farming

activity where herbicides and fungicides with Cu are being

used (Binkowski and Sawicka-Kapusta 2015). The maxi-

mum value of Cu obtained in this study (934.7 lg/L) was

lower than the minimum value (&1880 lg/L) observed in

the blood of sacred ibises (Threskiornis aethiopicus) from

highly contaminated areas, with no apparent chronic or

negative effects on survival (Van Eeden and Schoonbee

1996).

As observed in Cu, the values of Zn were similar to or

even lower than those obtained from white storks sampled

at different locations in Spain (Baos et al. 2006b; Benito

et al. 1999; De la Casa-Resino et al. 2014) and markedly

lower than those in animals living in polluted areas of

Poland (Kamiński et al. 2008). Zn concentrations in tissues

are influenced by the month of collection (directly related

to the moult cycle) and the amount of plants in the animal’s

diet (Parslow et al. 1982). Zn poisoning is observed quite

often in nature, and, in most cases, it is related to the

ingestion of Zn compounds (Binkowski and Meissner

2013), with plasma concentrations in poisoned birds

reaching more than 15,000 lg/L (Eisler 1993). Moreover,

values of Se[ 7500 lg/L have been observed in birds in

contaminated areas (Falandysz et al. 1988), and those are

far from the values quantified in the present study.

Only a few studies conducted on white storks have

determined the blood levels of Co, Fe, and Mn, and they

have all been conducted in Spain (Benito et al. 1999; De la

Casa-Resino et al. 2014) and Poland (Kamiński et al.

2008, 2009). Levels of Fe in white storks in the present

study were ten times higher than those from Poland, but

concentrations were lower than those observed in all the

other studies.

Cr and Ni were the elements with the highest nonde-

tectable concentrations: 57 and 35% were \LOD, respec-

tively. This fact also has been found in mallards from urban

areas in Poland with similar percentages (Binkowski and

Meissner 2013), and that article is the only one we have

found that reports Cr in the blood of birds (mean val-

ues\ 100 lg/L). Other authors, such as Burger and

Gochfeld (2009), found that Cr levels in the feathers of

some bird species are higher than As and Cd levels. The

mean levels of Ni in blood in the present study were much

lower than those reported in sacred ibises from a highly

metal-contaminated area (&1780–17,120 lg/L) (Van

Eeden and Schoonbee 1996). Despite Ni and Cr playing

physiological roles in animals (Binkowski and Meissner

2013), references in the literature about their effects and

their basal concentrations in birds are almost nonexistent.

Also, Cr in experimental studies on birds is considered

teratogenic, mutagenic and carcinogenic (Eisler 1986). Ni,

in high levels, can cause adverse health effects (Mansouri

and Hoshyari 2012), such as growth depression in broiler

chicks (Weber and Reid 1968).

Concentrations of As were similar to those found in

ciconiiformes in Spain (Baos et al. 2006b; Benito et al.

1999; De la Casa-Resino et al. 2014). It must be noted that

the available information about the threshold value of this

metalloid is limited in nestling or fledgling blood, but some

Fig. 1 Representation of the metals where statistically significant

differences were found after the Kruskal–Wallis and Dunn’s tests: Cr

(a), Se (b), and Pb (c). Groups: M males, F females, Fl fledglings, Ad

adults. *p\ 0.05; **p\ 0.001
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authors have reported As value of 20 lg/L as the reference

value for uncontaminated areas (Burger and Gochfeld

1997a). If this threshold value is considered, as many as

26% of the samples in the present study exceeded it,

indicating a possible situation of risk for the population

under study; however, the previously mentioned authors

stated that there is great variability between specimens of

the same species.

With respect to Hg, its concentrations were higher than

those previously reported by De la Casa-Resino et al.

(2014) in nestlings of the same species, with mean blood

values of Hg ranging from 8.89 lg/L in an uncontaminated

area to 53.1 lg/L in an area close to a landfill and intensive

agriculture. However, Hg values in the present study were

always below 1000 lg/L, which has been reported as the

threshold value for a situation of risk to birds (Alvarez

et al. 2013; Evers et al. 2008), thus indicating that Hg

levels were low enough to not pose a risk to any of these

birds. Moreover, considering that Hg is transported via

blood to the other tissues, the blood concentrations prob-

ably reflect recent Hg exposure, and the low levels quan-

tified could indicate the absence of high concentrations of

this contaminant in the considered ecosystem (Gariboldi

et al. 2001).

Of all elements, Cd levels (1.05 ± 2.41 lg/L) were

those with the highest coefficient of variation (229.5%),

and a high percentage (30%) of samples were below the

LOD (0.25 lg/L). These levels were near to those reported

in the blood of white storks from the Doñana National Park

in 1999 and from the region of Murcia in 1996, both in

Spain (Garcı́a-Fernández et al. 1996; Benito et al. 1999),

and from uncontaminated areas of Poland (Kamiński et al.

2008, 2009). However, these values were higher than those

observed in the Doñana National Park from 1999 to 2002

(Baos et al. 2006a, b). When the individual values were

compared with the reference values found in the literature

for uncontaminated areas (1 lg/L) (Garcı́a Fernández et al.

1995), only 12 of the animals exceeded this reference value

(of which only three were[5 lg/L).

Pb is one of the most toxic metals and one of the most

studied in several bird species. Pb can affect all body

systems, reduces growth and reproduction success, causes

haemolytic anaemia and low packed cell volume, and has

pathological effects on the immune system and behaviour

of the affected animal (Franson and Pain 2011). Pb was

identified in all the analysed samples, but the mean average

of Pb in the blood of fledglings and adults was below

200 lg/L, which is considered a background level for fal-

coniformes (Franson and Pain 2011). Accordingly, it must

be noted that three samples (4.5% of the total samples)

were above this threshold limit associated with nestling

animals. Moreover, Scheuhammer (1987) established that

Pb concentrations of 150 lg/L in blood could indicate the

absence of an abnormal Pb exposure (Scheuhammer 1987),

and only 18% of the animals in the present study exceeded

this limit. However, it must be noted that there are not

many data on specific Pb toxicity thresholds in ciconi-

iformes (Franson 1996). The Pb concentrations obtained in

this study are similar, or only slightly higher, than those

obtained by other authors in different works conducted in

Spain and Poland (Benito et al. 1999; De la Casa-Resino

et al. 2014, 2015a; Kamiński et al. 2008, 2009). Baos et al.

(2006b) found mean blood Pb levels of 90.7 lg/L (quite

similar to those obtained in the present study) in white

stork chicks from a reference colony also located in the

province of Caceres in a natural area far from urban

environments and other apparent sources of pollution (the

exact place was not indicated). Higher values were detec-

ted in white stork chicks from different areas of the pro-

vince of Madrid (Spain) (Cabo et al. 2012), with blood Pb

Table 3 p values for the Spearman correlation between elements in white stork blood, without considering age and sex

Cr Cu Mn Ni Zn Se As Co Cd Hg Pb

Fe 0.7561 0.2494 0.0833 0.9404 0.0000 0.1795 0.3285 0.5732 0.8504 0.1998 0.9899

Cr 0.0003 0.0101 0.0906 0.0587 0.0727 0.1299 0.8507 0.1764 0.8296 0.1038

Cu 0.0334 0.2177 0.6432 0.0000 0.0276 0.6163 0.4208 0.0132 0.5428

Mn 0.2374 -0.0396 0.7077 0.0119 0.0483 0.4557 0.7824 0.0009

Ni 0.8230 0.0652 0.0506 0.5947 0.0003 0.5893 -0.0149

Zn 0.3666 0.5552 0.7388 0.1804 0.1169 0.3585

Se 0.0000 0.0064 0.1234 0.0000 0.6083

As 0.0009 0.2990 0.0000 0.0046

Co 0.9601 0.0472 0.0721

Cd 0.2466 0.9275

Hg 0.3158
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levels in the range of 105–222.6 lg/L, corresponding to the

highest levels in an area characterised by the presence of

industries and several rubbish dumps. Higher levels were

detected in white stork nestlings from southwestern Spain

after an important accidental spill (median of 168 lg/L)

(Meharg et al. 2002), which may result from Pb being

transferred from the mother to the egg and/or being present

in food collected from the contaminated zones and fed to

the chicks.

Finally, it must be noted that blood concentrations of the

toxic elements Cd, Hg, and Pb are good indicators of

contamination and may be appropriate indicators of recent

exposure (Carneiro et al. 2015), even though no commonly

accepted toxicity thresholds exist for many species (for

example, the white stork). However, all the inorganic ele-

ments exert toxic effects on birds when involved in unusual

biochemical reactions. The threshold concentration at

which toxic effects occur is usually higher for essential

elements than for nonessential ones; however, some

essential elements only need a slight increase in their

concentration to become toxic, and many chemicals cannot

be broken down into less-toxic compounds (Kamiński et al.

2009).

Influence of Age and Gender

Statistically significant differences related to age were

detected in the blood concentrations of five elements.

Fledglings showed lower values than adults for Ni, Cu, Se,

and Hg (all with p\ 0.001) and higher values than adults

for Pb (p\ 0.01). This last finding is not common, because

blood Pb levels are expected to be higher in adults than in

juveniles, which often is reported (Carneiro et al. 2014;

Eskildsen and Grandjean 1984; Furness 1993; Sebastiano

et al. 2016). Because blood Pb values reflect immediate

dietary intake, the differences we observed between age

groups could be explained by the feeding behaviour

(Burger and Gochfeld 1997a).

Age differences regarding metal residues have been

documented for a variety of organisms and contaminants

(Furness 1993; Honda et al. 1990). More specifically, age

differences in birds exist, because certain inorganic pollu-

tants accumulate in the internal tissues of vertebrates,

namely, bone, organs, or fat (i.e., birds tend to bioaccu-

mulate heavy metals) (Furness 1993). The other possible

explanation for age-related differences in birds from the

same colony is that adult and young birds eat different

foods, eat different proportions of the same food, and their

bodies release the metals differently (Burger and Gochfeld

1997a). Moreover, for some specific metals (e.g., Hg),

apart from the dietary intake, their concentration in blood

reflects physiological influences, such as mobilisation and

accumulation in feathers and eggs (Furness 1993; Burger

and Gochfeld 1997b). In fact, during the period of feather

production, Hg is incorporated in the keratin structure of

feathers, thus reducing the Hg level in the blood (Dauwe

et al. 2000). This could explain the low levels detected in

chicks compared with adults, as has been reported in rap-

tors, such as the common buzzard (Buteo buteo) (Carneiro

et al. 2014), and in seabirds, such as the franklin’s gull

(Larus pipixcan) and the magnificent frigatebird (Fregata

magnificens) (Sebastiano et al. 2016). The influence of age

Fig. 2 Graphic representation of the significant positive correlation,

in all the 70 blood samples, between the metal pairs Hg–As (a), Hg–

Se (b), and Fe–Zn (c). The value of the Spearman coefficient R is

expressed in each graph (p\ 0.001)
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also has been detected in similar studies with different bird

species but with other elements: Cd, Ni, and Fe (Garcı́a-

Fernández et al.1996; Kamiński et al. 2006; Lucia et al.

2010; Carneiro et al. 2014); all cases indicated a potential

relevance of this endogenous factor for future biomoni-

toring studies.

When the effect of gender was analysed, none of the

metal concentrations was significantly influenced by this

factor. However, it is noteworthy that females in both groups

(fledglings and adults) showed lower Cr concentrations,

which also has been reported in mallards, by Binkowski and

Meissner (2013). In previous studies, As concentrations

were influenced by gender in greylag gooses (Anser anser)

(Lucia et al. 2010), with higher concentrations reported in

females. On the other hand, in another study, Hg blood

levels were markedly higher in females than in males of the

common buzzard (Carneiro et al. 2014), whereas As and Pb

were not affected by this factor. A study developed in

Poland with white storks determined no influence of gender

on blood Cd concentrations but a slight effect on blood Pb

concentrations, with females showing higher blood con-

centrations than males; however, these differences were not

statistically significant (Kamiński et al. 2015). Similar

results of Pb were observed in adult swans (Cygnus olor)

(Eskildsen and Grandjean 1984).

Correlations

It must be indicated that the accumulation of certain

essential elements may be affected by elevated exposure to

other elements, either essential or not. Accordingly, in the

present study, highly statistically significant correlations

(p\ 0.001) between Fe–Zn (r = 0.573), Hg–Se

(r = 0.707) and Hg–As (r = 0.571) were found. The

accumulation of Se in tissues exposed to Hg (Cuvin-Aralar

and Furness 1991; Yang et al. 2008) is a well-known

phenomenon. One of the explanations for this relation is

that Se has a protective action against Hg toxicity, and the

formation of a stable and inert complex between selenite

and Hg2? has been described in mammals (Yang et al.

2008). Correlations like this one between essential and

nonessential metals might indicate an implication of

essential metals in the detoxification of nonessential metals

(Blanco et al. 2003; De la Casa-Resino et al. 2014;

Kamiński et al. 2006). We did not find any references in the

literature regarding the correlation or interaction between

Hg–As and Fe–Zn.

Most of the significant correlations were observed in the

male-adult group and fewest in the female-fledglings

group. This finding is consistent with the fact that most of

the elements are accumulative, and adults accumulate

metals over a longer period (Berglund et al. 2011; Furness

1993), thus increasing the likelihood of interactions

between accumulated elements, such as Hg and Se. The

correlations of most of the elements in the blood of adult

white storks were higher than in fledglings, and the highest

correlation was observed for the pair Hg–Se.

Conclusions

The present study adds to a growing body of scientific

literature indicating blood levels of different inorganic

elements, which are useful for future biomonitoring pro-

grammes, by using the white stork as a good and sensitive

species. Our study provides the first report on the levels of

12 elements in the blood of white storks in Europe. Several

elements (Cu, Ni, Pb, Se, and Hg) showed different accu-

mulations in adults and fledglings and, thus, special care

must be taken when analysing those elements to distinguish

between young and older birds during biomonitoring

studies. With respect to gender, it had no clear influence on

the obtained results.
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(2006b) Evaluation of genotoxic effects of heavy metals and

arsenic in wild nestling white storks (Ciconia ciconia) and black

kites (Milvus migrans) from southwestern Spain after a mining

accident. Environ Toxicol Chem 25(10):2794–2803
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the area around Doñana National Park affected by the toxic spill

from the Aznalcollar mine. Sci Total Environ 242(1–3):309–323
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(1996) Distribution of cadmium in blood and tissues of wild

birds. Arch Environ Contam Toxicol 30(2):252–258

Gariboldi JC, Bryan AL, Jagoe CH (2001) Annual and regional

variation in mercury concentrations in wood stork nestlings.

Environ Toxicol Chem 20(7):1551–1556

Gaunt AS, Oring LW, Council O (1997) Guidelines to the use of wild

birds in research. Ornithological Council, Washington
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