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Abstract Passerine species have been increasingly
used as bioindicators of metal bioaccumulation espe-
cially by taking benefit of non-invasive procedures,
such as collecting feathers and excrements. In 2009,
metal (As, Cd, Cu, Hg, Ni, Pb, Se and Zn) concen-
trations were determined in feathers and excrements of
nestling and adult female great tits (Parus major) in
industrial (a paper mill) and rural sites in maritime
pine forests on the west coast of Portugal. The aim
of this study was to compare the levels of metals
between the areas but also between sampling methods
(feather vs. excrement) and age classes (nestling vs.
adult). Although excrements and feathers of nestling

great tits showed different concentrations, similar pat-
terns of accumulation were detected in both study
areas. There was a significantly higher concentration
of mercury in the industrial area and significantly
higher concentrations of arsenic in the rural area in
both sample types. Metal levels in adult females had
quite different results when compared to nestlings, and
only nickel presented significantly higher levels near
the paper mill. Since metal levels showed a consistent
pattern in feathers and excrements of nestling great
tits, we conclude that both represent good and non-
invasive methods for the evaluation of these elements
in polluted areas.
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Introduction

Pollutants have continuously been introduced into eco-
systems as a consequence of urbanisation and industri-
al processes. Metals are globally distributed, and
persistent pollutants with bioaccumulation potential
being important to monitor their possible effects on
wildlife. Non-invasive procedures, such as collecting
feathers and excrements, have been successfully used
in biomonitoring studies focusing on heavy metal pol-
lution (Denneman and Douben 1993; Hahn et al.
1993). Birds excrete elements into growing feathers
(Burger 1993) and can also eliminate metals through
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excrements or by depositing them in the uropygial
gland and salt gland (Burger and Gochfeld 1985).
Females can also excrete metals in their eggs and egg-
shells (Burger 1994). However, each matrix has poten-
tial problems as regards to biomonitoring, such as
external contamination in feathers or the tissue-
specific mechanisms that regulate excretion (Dauwe
et al. 2004).

The pulp and paper industry is known for the emis-
sion of malodorous sulphurous air pollutants such as
hydrogen sulphide (H2S), methyl mercaptan (CH3SH),
and methyl sulphides, but the available information
concerning the effects of these pollutants on wildlife is
still sparse (Haahtela et al. 1992; Soimasuoa et al.
1995; Harris and Elliott 2000; Isaksson et al. 2005).

Insectivorous Great Tits, Parus major, are poten-
tially good biomonitors of heavy metal pollution be-
cause they are ubiquitous and abundant and,
sometimes, the only forest passerine species available
in reasonable densities in polluted areas. They readily
nest in man-made nest boxes, and so breeding popu-
lations can easily be monitored. In 2009, we measured
the concentrations of heavy metals and calcium levels
in feathers and excrements of P. major adult females
and nestlings in an industrial environment around a
pulp and paper mill and in a rural control environment,
both located in a coastal area of Portugal.

The objective of this study was to compare heavy
metal levels between the two study areas, industrial and
rural, while comparing the performance of the two non-
invasive procedures (feathers and excrement sampling)
to assess heavy metal contamination. Although previous
studies showed low correlations between both methods
(Morrissey et al. 2005; Berglund et al. 2011), these
comparisons may be important for understanding the
excretion processes and toxicity of metals.

Material and methods

Study area

The present work is part of a long-term monitoring study
on the effects of air pollution on wild birds, which has
been ongoing since 2003 (Costa et al. 2011a). The study
has been carried out at multiple study plots in two
maritime pine (Pinus pinaster) forest areas located in
Figueira da Foz (Portugal). Both areas share the same
altitude (±50 m asl) and average temperature, both

presenting a sandy soil and including 70–80-year-old
pine plantations dominated by P. pinaster interspersed
by some Pinus pinea patches, with a tree density varying
from 666 to 1,066 individuals/ha. The shrub layer is
dominated by Myrica faya, Halimium halimifolium,
Cytisus scoparius,Ulex spp.,Cistus spp. andAcacia spp.

One area is located in the National Pine Forest of
Quiaios (MQ), a 6,000-ha forested area bordered by
agriculture fields without a direct influence of indus-
trial pollution, included in the Natura 2000 site
“Dunas de Mira” (40°14′ N, 8°47′ W). Because of
the north–northwest prevalent winds in this area, MQ
is not exposed to any emissions from the pulp mill
complexes. The second area is located in the National
Pine Forest of Urso (MU), a 9,000-ha forested area
sited less than 1 km to the south of a paper and pulp
mill industrial complex (40°02′ N, 8°52′ W). The mill
produces bleached kraft pulp using an elemental
chlorine-free method, and the officially reported air
emissions include carbon monoxide, nitrous oxide,
nitrogen oxides and PM10 particulates (EPER 2009).
Although no metals were presented in the mill report,
previous studies comparing the same study areas
detected higher mercury concentrations in feathers of
both nestling (Costa et al. 2011b) and adult Great Tits
(Norte et al. 2010) at the industrial area. Three homo-
geneous even aged plots (trees aged 70–80 years) were
selected in each study area. Plots were within 2 km of
each other. Nest boxes were placed at an average
density of 9/ha, at equal distances from each other,
resulting in 20 to 50 nest boxes per plot.

Feather and excrement sampling

In the summer of 2009, we collected fresh faeces from
defecating nestlings at the age of 15 (±1) days. Nest-
lings were induced to defecate upon handling, and
excrements were immediately collected in metal-free
plastic containers. With respect to excrements, a total
of 48 samples (MQ 27, MU 21) were produced by
different nestlings from 18 nests (MQ 10, MU 8). With
respect to feathers, a total of 70 samples (MQ 33, MU
37) from different nestlings from 12 nests (MQ 6, MU
6) and 13 samples (MQ 7, MU 6) from different adult
females from 13 nests (MQ 7, MU 6) were collected.
Only the two outermost tail feathers were collected
from adult females and from nestlings at the age of 15
(±1) days. Nestling tail feathers measure 25–28 mm
(Orell 1983), and adult female tail feathers measure ca.
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58 mm (Cramp and Perrins 1993). Feathers were
stored in sterile, metal-free plastic Eppendorf tubes
and maintained at −20 °C until analysis. All samples
were analysed separately, but nest was considered as a
random factor in the statistical analysis.

Metal analyses

Prior to analysis, feathers were washed vigorously in
deionized water alternated with 1 mol/l acetone to re-
move any external contamination and dried at room
temperature for 48 h. Feather samples were weighed
(range 5–80 mg), and excrement samples were dried in
an oven at 50 °C for 72 h and weighed. All samples were
then digested in Teflon bombs by adding 2 ml of supra-
pure HNO3 and 0.5 ml of H2O2 and placed in a micro-
wave system (Anton Paar, Multiwave 3000, Graz, Aus-
tria). The samples were then diluted to 50 ml with
deionized water (Elgastat Maxima). Eight elements
(As, Cd, Cu, Hg, Ni, Pb, Se and Zn) were determined
with ICP-MS (Elan 6100 DRC, PerkinElmer-Sciex,
Boston, USA). The detection limits for most of the
metals were around 1 ng/l and below. The calibration
of the instrument was done with a certified solution
(Ultra Scientific, multi-element solution IMS-102, N.
Kingstown, RI, USA) from LGC Promochem. Certified
reference materials (mussel tissue ERM-CE278; skim
milk powder BCR-063R; Ni not included) were used for
method validation. The mean recoveries (±SE) in refer-
ence samples were as follows: As 90±0.69 %, Cd 89±
1.93 %, Cu 103±1.88 %, Hg 94±5.21 %, Pb 96±
1.00 %, Se 100±4.24 % and Zn 81±1.04 %.

Statistics

Statistical analyses were performed with SAS statistical
software 9.2 (SAS Institute 2003). Means and standard
deviations are given in the tables. Differences in metal
concentration in feathers and excrements of nestling
Great Tits between areas (industrial vs. rural) were
assessed with generalised linear models (GLIMMIX
procedure in SAS) where nest was included as a random
factor to account for the non-independence of the meas-
urements in nestlings from the same brood. Pearson
correlations were applied to examine relationships be-
tween metal concentrations in feathers and excrements
from the same nestling, and therefore, only 30 animals
were included in this analysis. Metal concentrations in
feathers of adult females were compared between areas

(industrial vs. rural) using a t test for unequal variances.
Comparison between feathers of nestlings and females
was made using generalised linear models (GLIMMIX
procedure in SAS) where nest was included as a random
factor. For all analysis, after checking for normality of
distributions, some variables were log10 transformed to
normalise distributions for the analyses and back trans-
formed for presentation in the tables. The significance
level was set at p<0.05.

Results

Metal concentrations in nestling feathers and excrements

Mean metal concentrations in Great Tit nestlings’ excre-
ments presented significantly higher levels of mercury
in the industrial area (MU) and a marginally significant-
ly higher level of arsenic in the rural area (MQ) (Table 1).
There were no significant differences concerning the
remaining analysed metals in both areas (Table 1).

Mean metal concentrations in Great Tit nestlings’
feathers presented significantly higher levels of mercury
and selenium in the industrial area (MU) and signifi-
cantly higher levels of arsenic in the rural area (MQ)
(Table 1). There were no significant differences
concerning the remaining analysed metals in both areas
(Table 1). The comparison of metal levels between
excreta and feathers revealed that arsenic and selenium
levels were significantly positively correlated (Table 1).

Metal concentrations in feathers of adult females

Mean metal concentrations in adult female feathers
presented significantly higher levels of nickel in the
industrial area (MU) (Table 2). There were no signif-
icant differences between the concentrations of the
remaining metals in feathers from both areas (Table 2).

Comparison of metal concentrations between nestling
and adult feathers

All metals, with the exception of mercury, nickel and
selenium, presented significant differences between the
concentration levels found in feathers of nestlings and
those of adult female Great Tits (Table 3). Copper and
zinc levels were higher in nestlings, while arsenic, lead
and cadmium levels were higher in adult females
(Table 3).
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Discussion

In agreement with our previous study (Costa et al.
2011b), we found a significantly higher concentration
of mercury in the industrial area MU and a significant-
ly higher concentration of arsenic in the rural area MQ
in both excrement and feathers of Great Tit nestlings.
Although metal concentrations differ between sample
types (excrement vs. feather), they all showed an equal
tendency in both study areas, i.e. an increase in a metal
concentration in nestling excrements is accompanied
by an increase of the same metal concentration in
nestling feathers in each study area.

Nestling feathers also presented significantly higher
levels of selenium in the industrial area (MU), which
is possibly related with the above-mentioned higher

amount of mercury detected in this study area. In fact,
the formation of Se–Hg complexes as a detoxification
process (e.g. Thompson 1996) may be the source for
the higher levels of selenium detected in feathers col-
lected from the industrial area.

The use of feathers and excrements has been a com-
mon tool to observe environmental metal pollution,
especially because they are non-injurious and non-
invasive to birds (Burger 1993; Eens et al. 1999; Dauwe
et al. 2000; Janssens et al. 2002; Bianchi et al. 2008).
Feathers reflect the amount of metals present in the blood
at the time of feather growth, either from current dietary
sources or from mobilisation of metals from internal
organs (Burger 1993), while excrements represent the
unabsorbed remnants of multiple food items, often at
higher concentrations than the diet items, and so they

Table 1 Comparison of heavy metal concentrations (in parts
per million) in excrements (n048) and feathers (n070) of Great
Tit nestlings at a site near a pulp mill (MU) and at a reference

site (MQ) using generalised linear models (mean±standard de-
viation) and Pearson correlation matrix of metal levels in excreta
and feathers of Great Tit nestlings (n030)

Excrements Feathers Excrements/feathers

MQ MU F p MQ MU F p r

As 7.09±15.39 1.26±2.04 4.23 0.046 0.35±0.48 0.19±0.10 4.51 0.04 0.82*

Hg 0.22±0.09 0.35±0.26 7.57 0.009 0.41±0.18 0.45±0.07 7.11 0.01 0.14

Pb 0.86±0.63 1.10±1.09 1.31 0.32 1.27±0.41 1.29±0.43 0.86 0.36 0.10

Ni 1.21±0.78 1.20±1.09 0.15 0.70 2.38±0.92 2.24±0.43 0.05 0.82 −0.05
Cu 81.6±48.2 98.5±58.6 1.99 0.17 8.29±1.75 9.11±3.67 1.01 0.32 0.01

Cd 1.58±1.77 1.08±0.88 0.93 0.34 0.03±0.01 0.03±0.01 2.37 0.13 −0.24
Zn 409.8±279.6 391.7±220.9 0.03 0.86 112.9±5.65 111.0±4.31 2.63 0.11 0.36

Se 0.46±0.23 0.55±0.35 0.00 0.96 0.92±0.20 1.07±0.20 9.18 0.004 0.50**

*p<0.0001; **p00.005

Table 2 Comparison of heavy metal concentrations (in parts
per million) in feathers of female adult Great Tit at a site near a
pulp mill (MU) (n06) and at a reference site (MQ) (n07) using
a t test (mean±standard deviation)

MQ MU t p

As 0.98±1.16 0.48±0.22 0.90 0.40

Hg 0.39±0.12 0.65±0.66 −0.77 0.47

Pb 2.49±1.31 8.86±16.0 −0.99 0.36

Ni 1.66±0.15 2.20±0.39 −3.23 0.02

Cu 5.72±0.82 7.11±2.55 −1.30 0.24

Cd 0.11±0.04 0.10±0.03 0.37 0.72

Zn 101.6±11.8 104.2±12.7 −0.37 0.72

Se 0.90±0.18 0.97±0.26 −0.55 0.39

Table 3 Comparison of heavy metal concentrations (in parts
per million) in feathers of female adult (n013) and nestling
(n070) Great Tits at the study area (MQ+MU) using general-
ised linear models (mean±standard deviation)

Adult feathers Nestling feathers F p

As 0.75±0.87 0.26±0.34 22.56 <0.0001

Hg 0.51±0.46 0.43±0.13 0.06 0.81

Pb 5.43±10.9 1.28±0.42 47.52 <0.0001

Ni 1.91±0.39 2.30±0.70 3.24 0.08

Cu 6.36±1.89 8.72±2.94 16.29 0.0001

Cd 0.10±0.03 0.03±0.01 118.9 <0.0001

Zn 102.8±11.7 111.9±5.05 27.84 <0.0001

Se 0.93±0.46 1.00±0.22 1.13 0.29
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can provide a non-destructive and quantifiable means of
monitoring the food chain contamination by trace metals
(Spahn and Sherry 1999; Morrissey et al. 2005).

In several studies (Morrissey et al. 2005; Berglund
et al. 2011), the correlation among metal levels be-
tween feathers or internal tissues and excrements was
low, indicating no clear pattern with respect to metal
excretion. This is in agreement with our study, where
only arsenic and selenium showed a positive correla-
tion. However, feathers and excrements partly indicate
a temporally different exposure, which likely weakens
the correlations. Also, the small difference in values of
some metal concentrations could reduce the probabil-
ity of a significant correlation.

Feather metal levels in adult female Great Tits showed
some different results compared to nestlings. However,
the only significantly higher levels were detected for
nickel in MU, perhaps due to the low number of adult
samples (MQ, n07; MU, n06), which weakens the
power for statistical comparisons. However, the patterns
of higher arsenic in MQ and higher levels of mercury in
the industrial area (MU) were the same as those found in
nestlings, although differences were not significant. One
cannot rule out external contamination and differences in
metabolism, since some elements like nickel can be
regulated by homeostatic control in nestlings (Nyholm
1995; Dauwe et al. 2004; Berglund et al. 2011).

When we compared contaminant levels of adult and
nestling feathers, we expected levels of metals to be
higher in adults than in nestlings, especially because
adults have had longer time to acquire and bioaccumu-
late contaminants (Burger et al. 2009). However, we
found significantly higher levels of zinc and copper in
nestlings, and only arsenic, lead and cadmium were
significantly higher in adults. Interestingly, the metals
are here divided by their redox activity (Koivula et al.
2011). Copper is a redox active metal, while arsenic, lead
and cadmium are redox inactive. Adult and nestling
feathers present a slightly different composition because,
at the time of sample collection, adult feathers are com-
pletely formed, while in 15-day-old nestlings, feathers
are still growing and have an active blood circulation
supporting their growth (Burger and Gochfeld 1992).
Once the feather has reached its full size, the blood
supply is no longer needed, and the vessels shrivel up.
The redox inactive metals have strong affinity to the
sulfhydryl groups of keratin (a key protein in feather),
and this is probably why we found higher levels of these
metals in adult feathers. Nestling feathers, on the other

hand, include blood vessels and blood that might contain
more copper and zinc than pure keratin.

Since mercury and arsenic levels showed a consistent
pattern in feathers and excrements of nestling Great Tits,
we may well say that these substrates present a good
method for the evaluation of these elements in the study
areas. Arsenic is a toxic non-essential element that readily
bioaccumulates. Several reported values for arsenic in the
feathers and excrements of Great Tit are higher than the
levels found in the present study (Janssens et al. 2003;
Dauwe et al. 2004; Eeva et al. 2006, 2009), and no toxic
effect was found to be directly related to arsenic values.
Mercury is considered to be very toxic for wild animals,
and at higher levels of contamination, it can adversely
affect birds by reducing their fecundity, growth and body
length (Eisler 1987). Although the values found in the
present study were within the ranges previously reported
for mercury levels in feathers and excrements of Great
Tit inhabiting metal-contaminated sites (Janssens et al.
2002, 2003), we found no direct adverse effects on the
breeding biology of the Great Tit (Costa et al. 2011a).
Nevertheless, considering the well-known hazardous
effect of these elements on the environment, the regular
monitoring of the study areas is essential.

In conclusion, nestlings seem a more optimal choice
for the evaluation of local pollution, since we can sample
data from a defined area and time period. Furthermore,
because the nestlings stay within the nest boxes, there is
a very limited possibility of external airborne deposition
from industrial sources, which can happen to adults. In
addition, we found that nestlings’ feathers show a differ-
ent metal profile, which is partly due to the fact that their
feathers are still growing and show a different tissue
composition in comparison to fully grown feathers.
Therefore, the developmental stage of feathers is impor-
tant to consider when such results are interpreted.
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