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Abstract Published results concerning metal levels in

feathers of birds of prey were listed and evaluated. Mercury

concentrations have been studied most and the background

values normally vary between 0.1 and 5 mg/kg dry weight

the highest concentrations being in birds from aquatic food

chains. Pollution causes elevated levels of mercury in

feathers. The concentrations of cadmium, copper, lead and

zinc show reasonable variation between species, areas and

time periods. Feathers of birds of prey have proved to be

good indicators of the status of environmental heavy metal

pollution. Special attention should be paid to clean sam-

pling and preparation of samples. Interpretation of the

results requires knowledge on food habit, molting and

migration patterns of the species. Several species repre-

senting different food chains should be included in com-

prehensive monitoring surveys. Chick feathers reflect most

reliably local conditions.

Keywords Accumulation of metals � Biomonitoring �
Falcons � Hawks � Osprey � Owls

Introduction

Human activities produce large amounts of metal emis-

sions that spread all over the environment and contaminate

ecosystems and food webs up to the human level (Nriagu

and Pacyna 1988; Alloway 1990; Dudka and Miller 1999;

Metcheva et al. 2010). Due to the potential health risks

induced by increasing metal concentrations, it is important

to develop methodologies for monitoring metal levels of

the environment. Metals include hazardous toxicants as

well as trace elements that may be essential in many bio-

logical processes but in larger amounts may be harmful and

even toxic for various kinds of organisms. A characteristic

feature of some metals (such as mercury and cadmium) is

their pronounced biological accumulation and biomagnifi-

cation in food chains. The term bioaccumulation refers to

the net accumulation over time of metals within an

organism from both biotic (other organisms) and abiotic

(soil, air, and water) sources. The term biomagnification

refers to the progressive build-up of some heavy metals

(and some other persistent substances) by successive tro-

phic levels—meaning that it relates to the concentration

ratio in a tissue of a predator organism as compared to that

in its prey (AMAP 1998). Some trace metals (such as zink

and copper), do not in general show such biomagnification

but are regulated by organisms (Adriano 2001).

The exposure to heavy metals and organic pollutants is

usually highest at the top of food chains in predatory

species (e.g. Newman and Clements 2008). Thus, the birds

of prey, in general, may be suited for monitoring purposes.

Their sampling may, however, be difficult, among others

due to their low population densities and high mobility.

Invasive sampling of rare or even endangered species may

also be questionable. Therefore, metal levels in feathers

that can be collected without harming the birds may pro-

vide a convenient practical base for biomonitoring (Goede

and de Bruin 1984; Furness et al. 1986; Solonen and

Lodenius 1990; cf. also Jaspers et al. 2006). When using

feathers in monitoring of environmental metal levels, it

may be useful to know what the metal levels in feathers tell
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about the metal concentrations in other, probably more

essential parts of the body. Different metals may accu-

mulate in various ways in different organs (Esselink et al.

1995; Kenntner et al. 2003).

In birds, a large proportion of metals is found in feathers

which are not metabolically active. This should be taken

into account when considering their toxic effects in birds.

For instance for mercury, the proportion in feathers of the

osprey Pandion haliaetus may be as high as 70–93 %

(Minaskuat Limited Partnership 2008). However, this may

vary according to the metal compound considered. Espe-

cially alkyl mercury compounds are bioaccumulating and

toxic while the use of alkoxyalkyl-types as seed dressings

during the 1930s did not cause so strong accumulation in

Swedish birds’ feathers (Berg et al. 1966). Several authors

(e.g. Scheuhammer 1987; Fisher et al. 2006, Nam and Lee

2006) have dealt with the toxic effects of heavy metals on

birds but the effects are in most cases compared to con-

centrations in blood, liver or kidney. More results con-

necting toxic effects with feather concentrations are

needed.

This paper is aimed to critically evaluate bioindication

of environmental metal pollution based on publications

dealing with feathers of birds of prey. Various results on

other groups of birds are also considered as examples.

Patterns of metal occurrence in different species from

different food chains are evaluated. The aim is also to

evaluate advantages and disadvantages of this method and

to present some representative examples of some practical

applications. The examples stem largely from boreal

environments but they show the general applicability of the

method as well. Finally, some suggestions for long-term

monitoring programs that use feathers of birds of prey as

indicators of metal pollution are presented.

Factors affecting metal levels in feathers

There are numerous internal and external factors which

may affect the metal concentrations in feathers. These may

be different for different bird species and different metals.

Dmowski (1999) concluded that in feathers metal levels,

with the exception of mercury, correspond more strongly to

external than internal pools. He also reminded that no

routinely used cleaning procedure removes all external

pollutants from feathers. Internal load involve food inges-

tion and metabolism which after transport in the blood

stream are deposited into the feathers. External factors

consist of contamination from dust, liquids or gases (e.g.

Dmowski 1999; Ek et al. 2004). When using feathers of

birds of prey as indicators of metal pollution it is therefore

important to know what the metal levels in feathers actu-

ally reflect. Veerle et al. (2004) stated based on a field

experiment with free-living great tits Parus major that

concentrations of zinc and mercury in feathers probably are

mainly due to endogenous deposition while external con-

tamination may be an important source of other heavy

metals in feathers as the concentrations increase with

increasing age of the feather.

The structure of bird feather makes them effective traps

for particles and enables external contamination from solid,

liquid or gaseous sources (Valladares et al. 2010). External

pollution causes higher concentrations in vanes compared

to shaft, higher in top parts compared to base parts and

higher in older feathers compared to younger ones

(Dmowski 1999). A Swedish study (Ek et al. 2004) showed

for the peregrine falcon Falco peregrinus and Eurasian

sparrowhawk Accipiter nisus that lead contamination is

both external and internal, zinc contamination is internal,

and cadmium and copper contamination is predominantly

internal.

Physiological processes and body distribution

Metals in feathers may originate from diet or remobilisa-

tion of elements from internal tissues (Lewis and Furness

1991; Monteiro 1996). According to several authors (e.g.

Dudka and Miller 1999; Scheifler et al. 2006; Rogival et al.

2007; Metcheva et al. 2010), heavy metals in birds are

taken up almost entirely through the food. They are dis-

tributed by various biochemical and physiological pro-

cesses in the body to blood, liver, kidney, and other organs

or eliminated from the body to feathers, eggs, or faeces

(Burger 1994; Swaileh and Sansur 2006; Kim and Oh

2012). Also transposition of metals within the body of a

bird is possible (Dmowski 1999). The excretion to bones

and feathers can be considered as a detoxification mecha-

nism (Grove et al. 2009; Naccari et al. 2009). Mercury,

cadmium and many other metals show strong affinity to

thiol groups (e.g. Dmowski 1999). In the feathers metals

are bound to the sulphur containing protein keratin (Dauwe

et al. 2000; Adout et al. 2007). Mercury, zinc, copper,

chromium, arsenic, and selenium have stronger affinity to

keratin than other metals (Appelquist et al. 1984; Dmowski

1999). Several metals, including cadmium, copper and

zinc, may be bound by metallothionein compounds in liver

and kidney (Ek et al. 2004). Pigments in feathers may

influence the uptake and binding of metals. For instance,

eumelanin had a great capacity for binding zinc and some

other metals while no significant correlations were found

for copper, mercury and lead concentrations (Niecke et al.

1999).

Relative concentrations in bird organs differ between

metals and species. For instance, in the peregrine falcon

copper strongly accumulated in liver and kidney with

intermediate concentrations in feathers. Cadmium showed

1320 M. Lodenius, T. Solonen
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a very strong accumulation in kidney and low concentra-

tions in feathers. The lead concentrations were very high in

faeces but low in feathers and eggs. Zinc showed moderate

accumulation in liver and kidney and lower concentrations

in faeces, eggs and blood (Fig. 1; Ek et al. 2004). Martinez-

Lopez et al. (2004) found a significant correlation between

cadmium in blood and feathers in three Spanish raptors

(booted eagle Aquila pennata, common buzzard Buteo

buteo and northern goshawk Accipiter gentilis).

The general condition of a bird probably affects the

metal metabolism and concentrations in different organs.

Poor nutrition may cause physiological stress and poorer

body condition, which in seabirds may be seen as

increasing levels of some metals in the liver (Sanpera et al.

2008). At stress conditions first fat reserves and then pro-

tein reserves are used (Esselink et al. 1995; Jager et al.

1996). In owls the lead concentrations were highest in birds

with low fat and protein reserves. For copper the metal load

in liver and kidneys remained constant while concentra-

tions increased at worsening body condition as the weights

of liver and kidneys decreased. For cadmium and lead no

significant correlation was found between metal concen-

trations and weights of these organs (Esselink et al. 1995).

However, Esselink et al. (1995) found no clear relationship

for cadmium or lead with parameters of body condition

when investigating metal concentrations in the barn owl

Tyto alba. On the other hand, Kenntner et al. (2003) found

a highly negative correlation between body condition and

mercury in German goshawks. The relationship between

feathers and internal organs seem to be rather variable.

According to Eisler (1987) mercury concentrations at the

level 5–40 mg/kg in the feathers of birds are associated with

adverse effects, including impaired reproduction. On the

other hand, Bowerman et al. (1994) concluded that neither

mercury (max. 66 mg/kg in feathers) nor selenium affected

the reproduction of bald eagle Haliaeetus leucocephalus in

the Great Lakes region in North America. Selenium acts as

an antagonist to methyl mercury but there are indications

that the amounts of selenium in birds often are insufficient

to bind all body mercury (Odsjö et al. 2004).

Diet and food web effects

Birds of prey eat mostly mammals and birds but also reptiles,

amphibians, fish, and insects are used by various species

(Newton 1979; Mikkola 1983). Metal concentrations of prey

contribute significantly to the intake of these metals (e.g.

Kim et al. 2009). Burger and Gochfeld (2009) have studied

the levels of several metals, including cadmium, mercury

and lead, in eggs and feathers in different species of marine

birds and noted significant differences among species.

Mercury exhibited the greatest interspecific difference, for

other metals they were generally less than one order of

magnitude.
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Fig. 1 Relative concentrations (%) of four metals in organs, eggs and faeces compared to feathers (=100) in peregrine falcons Falco peregrinus

from southwestern Sweden (N = 7–19; original data from Ek et al. 2004)
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Table 1 Mercury concentrations (mg/kg dw) in feathers of birds of prey with different feeding habits

Species Age Country Year N Hg

Mammal-eaters (diurnal)

Turkey vulture Cathartes aura ad. USA 1992–1996 36 1.3 (mdl–20)a

Eurasian kestrel Falco tinnunculus ad. Finland 1895–1982 58 1.9 (0.02–13)b

Eurasian kestrel Falco tinnunculus ad. Iran 2005 8 1.4 ± 0.34c

Black-eared kite Milvus migrans lineatus ad. Japan 1972–1977 27 2.2d

Marsh harrier Circus aeruginosus pull./juv. Sweden 1965–1966 6 16e

ad. 1965–1966 2 37

pull./juv. 1966–68 9 3.6

ad. 1966–68 2 14

Marsh harrier Circus aeruginosus ad. Iran 2005 2 0.47 ± 0.08c

Hen harrier Circus cyaneus ad. Sweden 1860 1 1.7e,f

pull./juv. 1957 1 62

Common buzzard Buteo buteo pull. Finland 1984–1987 18 1.2 (0.3–2.1)g

Common buzzard Buteo buteo ad. Sweden 1861 1 4e,f

ad. 1965–1966 9 16

ad. 1967–1969 2 2.4

Common buzzard Buteo buteo ad. Germany publ. 1993 2 2.6 h

Common buzzard Buteo buteo Iran 2005 10 0.34 ± 0.10c

Long-legged buzzard Buteo rufinus Iran 2005 3 0.58 ± 0.04c

Greater spotted eagle Aquila clanga Iran 2005 3 0.86 ± 0.08c

Mammal-eaters (nocturnal)

Barn owl Tyto alba Belgium 2001 6 0.83i

Barn owl Tyto alba pull./juv. Sweden 1921–1943, 1966 6 2.4e

ad. 1921–1943, 1966 2 1

pull./juv. 1944–1965 1 2

ad. 1944–1965 7 32

Eurasian eagle owl Bubo bubo pull. Finland 1984–1987 4 0.7 (0.3–21.4)g

Eurasian eagle owl Bubo bubo pull./juv. Sweden 1829–1939 1 2f

ad. 1829–1939 5 3.5

pull./juv. 1964–1965 1 2.5

ad. 1964–1965 5 41

Eurasian eagle owl Bubo bubo ad. Germany publ. 1993 22 1.0 h

Eurasian eagle owl Bubo bubo Iran 2005 3 0.30 ± 0.10c

Eurasian eagle owl Bubo bubo pull. Spain 2002–2003 32 0.10 ± 0.05j

Tawny owl Strix aluco pull. Finland 1984–1987 16 0.4 (0.2–0.9)g

Tawny owl Strix aluco ad. Sweden 1862 1 1.7e,f

pull./juv. 1965 3 5.6

ad. 1965–1966 3 6.1

Tawny owl Strix aluco ad. Germany publ. 1993 96 4.1 h

juv. 31 2.6

Tawny owl Strix aluco Iran 2005 2 0.56 ± 0.08c

Long-eared owl Asio otus ad. Sweden 1865 1 2.7e,f

ad. 1965 3 53

pull./juv. 1966–1969 5 1

Little owl Athene noctua Belgium 2001 10 0.23i

Little owl Athene noctua Iran 2005 3 0.50 ± 0.05c
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Table 1 continued

Species Age Country Year N Hg

Bird-eaters

Laggar falcon Falco biarmicus jugger juv. & ad. Pakistan 1999 30–33 3.1 (0.46–9.8)k

Peregrine falcon Falco peregrinus juv. Sweden 1834–1939 7 2f

ad. 1834–1939 2 3.5

juv. 1940–1965 2 4.6

ad. 1940–1965 2 49

Eurasian sparrowhawk Accipiter nisus ad. Finland 1899–1950 16 3.7 (2.1–5.8)l

ad. 1951–1982 99 8.4 (1.0–42)

Eurasian sparrowhawk Accipiter nisus pull. Finland 1984–1987 36 2.0 (0.9–3.7)g

Eurasian sparrowhawk Accipiter nisus ad. Belgium 2001 10 0.66i

Eurasian sparrowhawk Accipiter nisus Iran 2005 4 1.0 ± 0.08c

Northern goshawk Accipiter gentilis pull. Finland 1984–1987 34 1.2 (0.5–5.5)g

Northern goshawk Accipiter gentilis ad. Germany publ. 1993 26 3.5 h

Northern goshawk Accipiter gentilis pull./juv. Sweden 1967–1969 10 2.9e

ad. 4 5

Northern goshawk Accipiter gentilis Iran 2005 2 1.0 ± 0.15c

Fish-eaters

Osprey Pandion haliaetus pull. Finland, background 1972–1980 15 4.2 m

pull. Finland, polluted 21 13

Osprey Pandion haliaetus pull. Sweden 1969–1998 84 6.7 (2.9–12)n

Osprey Pandion haliaetus pull. Finland 1984–1987 32 4.0 (0.8–7.6)g

Osprey Pandion haliaetus ad. Germany publ. 1993 85 11 h

Osprey Pandion haliaetus ad. Canada & USA 1991–1994 11 17o

pull. 70 4.5

Osprey Pandion haliaetus ad. USA 2000–2001 17–20 16 ± 1.5p

juv. 15 14 ± 5.8

Osprey Pandion haliaetus ad. Canada 2006 11 11q

Osprey Pandion haliaetus ad. USA 1992–1996 12 20 ± 11a

juv. 12 5.3 ± 2.2

Osprey Pandion haliaetus ad. Canada, build-up 1989–1991 31 58 ± 51t

ad. Canada, natural 29 16 ± 13

pull. Canada, build-up 78 37 ± 20

pull. Canada, natural 63 7.0 ± 4.3

Osprey Pandion haliaetus ad. USA 1968–2007 39 (ad ? juv) 1.5 (0.2–4.3)s

pull./juv. 0.8 (0.3–2.1)

Osprey Pandion haliaetus USA 2000–2002 82 1.3 (0.02–4.2)t

Bald eagle Haliaeetus leucocephalus ad. USA, Alaska publ. 2008 23 4.9u

Bald eagle Haliaeetus leucocephalus ad. USA 1985–1989 112 21v

juv. 115 9
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Published results show rather variable concentrations of

mercury in feathers for different species of birds of prey.

Mercury concentrations are highest in birds from aquatic

food chains. For mercury the effect of food chain is par-

ticularly clear in aquatic environments with highest levels

in top consumers (Berg et al. 1966; Solonen and Lodenius

1990; Altmeyer et al. 1991; Zolfaghari et al. 2007). Also

effects of environmental pollution can be seen clearly in

the spatial and temporal variation with maximum concen-

trations in polluted areas and during periods when mercury

was used most frequently in agriculture and industry

(Table 1). The strong accumulation of mercury in aquatic

food chains, e.g. in the fish-eating osprey and white-tailed

eagle Haliaeetus albicilla, has been confirmed in several

reports (e.g. Fimreite 1974; Häkkinen and Häsänen 1980;

Lounsbury-Billie et al. 2008).

At least in marine ecosystems both feeding ecology and

spatial variation affect the uptake of metals in birds (Moreno

et al. 2011b). Burger and Gochfeld (1996) noted a positive

relationship between the level of mercury in the aquatic food

chain and levels in feathers while no clear food chain pattern

could be seen for the other metals. Based on analysis of trophic

status of the great skua Catharacta skua Bearhop et al. (2000)

noted that dietary specialization affects the intraspecific var-

iability in mercury burden. Also Anderson et al. (2009) found

that mercury in seabirds are influenced by trophic position

and—to a lesser degree—by foraging range but this was not

true for feathers formed during the non-breeding season,

which were more strongly governed by molt schedule and

other species effects. According to Anderson et al. (2010)

interspecific differences in feeding preferences for prey and

the location of the foraging sites are more important than

trophic position determining element uptake by seabirds. Also

Moreno et al. (2011b) found regional differences to be clearly

more important than trophic level on mercury concentrations

of chicks of the European shag Phalacrocorax aristotelis.

Table 1 continued

Species Age Country Year N Hg

White-tailed eagle Haliaeetus albicilla ad. Finland 1966 2 19 (8.7–28.5)w

White-tailed eagle Haliaeetus albicilla pull./juv. Sweden 1832–1939 6 7.2f

ad. 2 13

pull./juv. 1942–1965 4 5.1

ad. 9 37

White-tailed eagle Haliaeetus albicilla ad. Germany publ. 1993 46 15 h

juv. 52 33

a Cahill et al. (1998), abandoned Hg mine; flight feathers (mdl minimum detectable limit 0.28 mg/kg)
b Lodenius and Kuusela (1985), breast feathers, median
c Zolfaghari et al. (2007), tail feathers, mean ? SD
d Honda et al. (1986), remige, covert, tail and abdominal feathers, mean
e Westermark et al. (1975), before and after the Hg ban
f Berg et al. 1966, median
g Solonen and Lodenius (1990), mantle and breast feathers, primaries, secondaries and retrices, median
h Hahn et al. (1993)
i Dauwe et al. (2003), primary and tail feathers
j Ortego et al. (2006), breast feathers, mean ? SD
k Movalli (2000), breast feathers
l Solonen and Lodenius (1984), mantle and other feathers, mean
m Häkkinen and Häsänen (1980), mantle feathers, mean
n Odsjö et al. (2004), tail feathers
o Hughes et al. (1997), mantle, wing and tail feathers
p Lounsbury-Billie et al. (2008), breast feathers
q Minaskuat Limited Partnership (2008)
r DesGranges et al. (1998), primaries, secondaries, wing coverts, retrices, body feathers
s Hopkins et al. (2007), breast feathers
t Rattner et al. (2008), body feathers
u Burger and Gochfeld (2009), breast and wing feathers, arithmetic mean
v Bowerman et al. (1994) weighted mean
w Henriksson et al. (1966) mean
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Table 2 Levels of cadmium, copper, lead and zinc (mg/kg dw) in feathers of adult birds of prey from unpolluted areas

Species, age and sampling (country and year) N Cd Cu Pb Zn

Mammal-eaters (diurnal)

Turkey vulture Cathartes aura, ad., USA, 1992–1996 12 – – 1.6 (mdl–5.2) a

European black vulture Aegypius monachus, Russia, 2001 13 0.19 5.1 1.4 140b

Common buzzard Buteo buteo, pull., Finland, 1988–1989 21 0.15 (0.03–0.72) 6.1 (0.50–13) 1.3 (0.10–21) 140 (120–170)c

Common buzzard Buteo buteo, Italy, 1998–1999 18 0.06 – 1.5 d

Common buzzard Buteo buteo, ad., Italy, publ. 2009 12 0.11 (0.04–0.18) 9.2 (7.7–13) 1.2 (1.2–2.6) e

Common buzzard Buteo buteo, Spain 1999–2000 9 0.03 ± 0.02 – 1.0 ± 0.20 f,g

Spanish imperial eagle Aquila adalberti, Spain, 1940–1999 34 – – 6.5 (1.1–19) h

Spanish imperial eagle Aquila adalberti, Spain, 1997–2008 69 – – 0.05 (ND–0.73) i

Booted eagle Hieraaetus pennatus, ad., Spain, 1999–2000 30 0.02 ± 0.09 – 0.72 ± 0.31 f,g

Mammal-eaters (nocturnal)

Barn owl Tyto alba, Belgium, 1991 6 0.08 5 6.6 62j

Barn owl Tyto alba, Netherlands, 1986–1988, contaminated site 21 2.3 (0.2–5.5) 27 (3–85) 76 (12–213) 363 (119–667)k

Barn owl Tyto alba, Netherlands, 1986–1988, control sites 25 1.6 (0.3–4.2) 25 (2–93) 56 (13–138) 360 (132–635)k

Tawny owl Strix aluco, pull., Finland, 1988–1989 33 0.05 (0.02–1.7) 4.4 (2.7–14) 0.2 (0.1–4.2) 120 (11–150)c

Little owl Athene noctua, Italy, 1998–1999 38 0.05 – 2 d

Little owl Athene noctua, Belgium, 1991 10 0.09 7.5 4.6 31j

Bird-eaters

Laggar falcon Falco biarmicus jugger, juv. & ad., Pakistan, 1999 30–33 0.1 (0.02–0.32) – 1.6 (0.58–5.4) 110 (70–150)l

Peregrine falcon Falco peregrinus, Sweden, 1998–2000 11 0.01 8.1 0.1 47m

Eurasian sparrowhawk Accipiter nisus, pull., Finland, 1988–1989 20 0.17 (0.06–0.57) 7.9 (5.6–14) 0.3 (0.10–1.1) 130 (120–150)c

Eurasian sparrowhawk Accipiter nisus, ad., Belgium, 1991 10 0.17 4.8 4.3 35j

Eurasian sparrowhawk Accipiter nisus, ad., Sweden, 1991–2000 35 0.01 12 0.3 41m

Northern goshawk Accipiter gentilis, pull., Finland, 1988–1989 21 0.19 (0.00–1.6) 5.8 (3.1–11) 0.1 (\0.10–3.5) 130 (100–150)c

Northern goshawk Accipiter gentilis, Germany, publ. 1989 9 0.49 7.2 29 n

Northern goshawk Accipiter gentilis, Spain, 1999–2000 5, 9 0.02 ± 0.07 – 0.98 ± 0.29 f,g

Fish-eaters

Osprey Pandion haliaetus, pull., Finland, 1988–1989 17 0.26 (0.04–1.1) 6.8 (5.6–8.6) 0.8 (0.6–2.7) 110 (98–140)c

Osprey Pandion haliaetus, ad., USA, 1992–1996 12 – – 0.87 (mdl–2.3) a

Osprey Pandion haliaetus, ad., USA, 2000–2001 17–20 0.11 ± 0.10 8.1 ± 2.3 0.80 ± 2.2 o

Bald eagle Haliaeetus leucocephalus, ad., USA, 1992–1996 23 0.25 – 4.6 p

a Cahill et al. (1998), flight feathers, mdl minimum detectable limit
b Kavun 2004, body feathers, median
c Solonen et al. 1999, secondary coverts, median
d Battaglia et al. 2005, body feathers, median
e Naccari et al. 2009
f Martinez-Lopez et al. 2004
g Martinez-Lopez et al. 2005, primary feathers
h Pain et al. 2005, under-tail coverts, clearly polluted specimens excluded, in addition the author suspect exogenous pollution of the samples
i Rodriguez-Ramos et al. 2011, secondaries, mean
j Dauwe et al. 2003, tail feathers
k Denneman & Douben 1993, traffic victims and molting breeding birds; primary feathers; median values
l Movalli (2000), breast feathers
m Ek et al. 2004, flight feathers (sparrow hawk), primaries and retrices (peregrine falcon)
n Hahn et al. 1989, flight feathers, female birds
o Lounsbury-Billie et al. (2008), breast feathers
p Burger and Gochfeld (2009), breast and wing feathers, arithmetic mean
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Lounsbury-Billie et al. (2008) found mercury in feathers

of the osprey from Florida at levels associated with

decreased reproductive success. This is at least partly due

to the occurrence of methyl mercury which is persistent

and readily bioaccumulating (e.g. Thompson and Furness

1989; Hughes et al. 1997). In terrestrial food chains mer-

cury concentrations are often lower and Denneman and

Douben (1993) concluded that barn owls from a polluted

area in the Netherlands are not adversely affected by heavy

metals.

The variations in metal concentrations seemed to be

highest in vole-eaters, intermediate in bird-eaters, and

lowest in fish-eaters (Solonen and Lodenius 1984, 1990;

Lodenius and Kuusela 1985; Solonen et al. 1999). In lit-

erature, the reported levels of cadmium, copper, lead and

zinc in feathers are mostly rather evenly distributed without

clear distribution patterns (Table 2). For lead, the variation

is somewhat higher possibly reflecting the widespread lead

pollution from vehicles and other sources. According to

Garcia-Fernandez et al. (2008) the metal concentrations in

feathers of raptors from terrestrial food chains in Spain

were generally low and insufficient to cause toxic effects.

Also Kavun (2004) found no evidence for heavy metal

intoxication in European black vultures Aegypius mona-

chus suffering from mass mortality in the winter

2001–2002 after analysis of feathers and other tissues.

Cadmium often shows a distinct bioconcentration in ter-

restrial food chains (e.g. Lodenius 1995). As the highest

concentrations in these food chains mainly are found in

macrofungi and kidneys and livers of cervids (e.g. Lodenius

et al. 2000) it seems unlikely that this metal would end up in

birds of prey in significant amounts from these sources.

Eagles and other raptors have often been reported to contain

high, even lethal, concentrations of lead apparently origi-

nating from lead shots in prey (Kenntner et al. 2003; Pain

et al. 2005; Fisher et al. 2006; Helander et al. 2009).

Growth of feathers and molt

In each species of birds, the feathers are normally grown in

a strict sequence (Ginn and Melville 1983; Edelstam 1984)

which is important to know for interpreting concentrations

found in different parts of the plumage (Furness et al. 1986).

When molting patterns are known, it may be possible to

estimate, for instance, metal loads in breeding areas and

wintering grounds separately (Johnels et al. 1979; Burger

et al. 1992). The interpretation of contaminant levels of

migratory species from feathers molted out of the breeding

season should be made with caution because those values

could reflect exposures to contaminants acquired during the

breeding season (Ramos et al. 2009). Metals stored within

body tissues are mainly excreted via the first molted

feathers (Furness et al. 1986; Honda et al. 1986).

Especially in adult birds there are often considerable

variations in metal concentration within the plumage. The

considerable within-feather variation in metal levels

apparently depends on the food ingested at the time when

the feather was formed (e.g. Solonen and Lodenius 1990;

Dmowski 1999). For instance, lead and cadmium show

strong gradients with respect to different parts of feather

while mercury is distributed rather homogeneously. This

indicates uptake through different incorporation paths,

mercury reflecting more concentrations in food and the

other metals reflecting more atmospheric pollution (Hahn

et al. 1993). Mercury concentrations in feathers do not

significantly differ between segments but the vane seems to

have greater capacity to accumulate mercury than the shaft

(Dauwe et al. 2003).

In a feeding experiment with starlings Sturnus vulgaris

Pilastro et al. (1993) found that cadmium accumulated in a

dose-related manner from food to both old and new

feathers. Old feathers showed higher concentrations than

new ones and primaries higher than secondaries. A dis-

continuation in lead exposure may be seen as differences in

lead concentration in longitudinal portions of the feather

rachis (Rodriguez-Ramos et al. 2011).

Concentrations of mercury in primaries correlated pos-

itively with the molting sequence in the Eurasian spar-

rowhawk and little owl Athene noctua. Thus mercury in

feathers seems to correctly reflect concentrations in blood

and not external contamination. For most other elements

(including Cd and Pb) the concentrations were highest in

the outermost primaries, suggesting influence of external

contamination from the atmosphere or from secretion of

the uropygial gland (Dauwe et al. 2003).

Age and sex

The concentrations of metals in feathers often increase

with increasing age of birds (Denneman and Douben

1993; Naccari et al. 2009; cf. however Sanpera et al.

2008). They also vary less in young birds and nestlings

that are therefore better suited as indicators of metal

pollution than older individuals (Solonen and Lodenius

1990; Denneman and Douben 1993; Blevin et al. 2013).

Because the variation within broods is minor compared to

the variation between broods (Häkkinen and Häsänen

1980; Solonen and Lodenius 1990), the brood is a suitable

sampling unit particularly in large-scale monitoring

projects.

Becker et al. (1993), Bearhop et al. (2000) and Moreno

et al. (2011a) found chick feathers of seabirds useful in

evaluating mercury contamination in sea birds. In feathers

of known-aged laughing gulls Larus atricilla Gochfeld

et al. (1996) found decreasing mercury levels with
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increasing age while cadmium concentrations increased

significantly with age. The authors concluded that

5–7 years old gulls had higher levels of cadmium in most

tissues, chromium in the heart, kidney, muscle and liver,

and manganese in muscle. The decreasing level of mercury

was obviously a result of elimination of this metal to the

feathers.

Significant differences in metal levels in feathers are not

usually found between the sexes (Jager et al. 1996; Movalli

2000; Janssens et al. 2001; Dauwe et al. 2002; Sanpera

et al. 2008; Naccari et al. 2009). However, in some larids,

lead concentrations were significantly higher in male

(Burger 1995; Gochfeld et al. 1996). Correspondingly,

female tree sparrows Passer montanus had lower mercury

level than that in males (Pan et al. 2008). These kinds of

findings suggest that besides allocating metals accumulated

in their bodies into feathers females can excrete them also

by egg-laying (Braune and Gaskin 1987; Lewis et al.

1993). However, there may exist also various other less

conventional ancillary explanations for differences in metal

concentrations between the sexes, including sexual size

dimorphism, foraging guild and detoxification adaptation

(Robinson et al. 2012).

Spatial and temporal trends

Indicators of metal pollution are needed mainly when

monitoring both spatial and temporal trends in metal levels,

and bird feathers have successfully been used for such

monitoring in various cases. Feathers of birds of prey have

commonly been used as indicators in such studies (e.g.

Esselink et al. 1995; Garcia-Fernandez et al. 2008; Kim

and Oh 2012) but also various other species of birds have

been used (e.g. Hahn et al. 1993; Thompson et al. 1993;

Burger and Gochfeld 2009; Moreno et al. 2011a).

Small-scale local variations in metal levels in feathers of

birds of prey may be considerable (e.g. Solonen et al. 1999)

but the general levels in polluted areas seemed to be rel-

atively similar over large spatial scale (Tables 1, 2). For

instance, mercury used in chlor-alkali plants (metallic

mercury) and in the pulp and paper industry (phenyl mer-

cury) accumulated in the feathers of ospreys of wide range

from local polluted areas (Häkkinen and Häsänen 1980;

Anderson et al. 2008). For the essential elements copper

and zinc the even geographical distribution of metal

deposition with only few local emission sources is reflected

as low variation also in the feather concentrations of these

metals (Fig. 2; Harmens et al. 2010).

The data in Tables 1 and 2 have been selectively

combined into Fig. 2 where results from uncontaminated

areas and time periods are grouped according to feeding

habit: diurnal raptors feeding mainly on small mammals

(D), nocturnal raptors feeding mainly on mammals (N),

raptors feeding mainly on birds (B) and raptors feeding

mainly on fish (F). International data are compared to

Finnish data which are more limited but less heteroge-

neous. Results reflecting polluted areas or periods have

been omitted as well as nestlings. Excluding data in

literature on the basis of pollution level cannot be exact

because this has been reported in various ways. Due to

incomplete data and differences in presentation of data

statistical treatment of the results is impossible. The

results do, however, indicate some trends and

differences.

In aquatic ecosystems cadmium concentrations are

usually lower compared to terrestrial ecosystems without a

clear food chain concentration (e.g. Tulonen et al. 2006)

although high concentrations have been reported also for

kidneys of predatory aquatic mammals (André et al. 1990).

Schipper et al. (2012) stated that there are considerable

spatial and temporal variations in the exposure to cadmium

for little owl and calculated that the tolerable daily intake

(TDI) may be exceeded during winter months. For raptors

there are generally higher concentrations in fish-eaters than

in other groups the pattern being similar for international

and Finnish results. The higher cadmium level in birds in

Finland is possibly related to higher bioavailability in

forest soils with lower pH than in many other countries

(Römkens and Salomons 1998). According to Mochizuki

et al. (2002) cadmium in waterfowl and seabirds reflect

environmental contamination rather than natural

bioaccumulation.

The copper concentrations in Fig. 2 are rather even in

different groups in both the international and Finnish

material despite the lower level found in Finland in the

European moss survey (Harmens et al. 2010). Also Norouzi

et al. (2012) as well as Kim and Oh (2012) found only

small differences in concentrations of this essential metal

between three terrestrial bird species in Iran and three owl

species from Korea, respectively.

There is a strong accumulation of mercury in fish-eaters

compared to other groups as reported earlier for aquatic

fish, birds and mammals (e.g. Berg et al. 1966; Furness

et al. 1986; Eisler 1987; Hahn et al. 1993). Especially in

fish-eating birds the level of mercury in feathers is clearly

lower in Finland compared to other areas indicating a lower

mercury level in Finnish watercourses. However, according

to the European moss survey (Harmens et al. 2010) the

mercury deposition is only slightly lower in northern

Europe compared to central Europe.

The accumulation of lead is rather even between

groups in the present international material. The use of

lead in fuels (tetra ethyl lead) and gunshots (metallic lead)

has been banned or restricted for environmental reasons

in most countries during the last decades. In most
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industrialized countries, the phase-out of lead from fuels

was completed by the early 2000s. As these emissions

diminished gradually with different velocity in different

countries it is difficult to interpret the results in Fig. 2

compared to these emissions. Transfer of lead from soil to

vegetation and mammals is variable but usually weak (e.g.

Huang and Cunningham 1996; Si et al. 1996) which

means that lead bioaccumulation in terrestrial food webs

is slow. However, lead shots may be ingested by water

fowls or incorporated in birds as a result of shooting (e.g.
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Fig. 2 Mean levels (mg/kg dw) of cadmium, copper, lead, mercury

and zinc in feathers of adult birds of prey from unpolluted areas. The

species are grouped according to their main feeding habits: nocturnal

(N) and diurnal (D) birds of prey feeding mainly on small mammals,

bird-eaters (B) and fish eaters (F). Data are taken from Tables 1 and 2

by excluding results from contaminated areas or periods
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Helander et al. 2009). The latter can at least partly explain

the high levels in fish-eating raptors in the international

material. The European moss survey (Harmens et al.

2010) indicates a lower level of lead in Finland compared

to Central Europe.

Zinc concentrations are higher in nocturnal raptors

compared to diurnal raptors and bird-eaters (international

data lacking for fish-eaters). Zinc is an essential element

and there seem to be no significant food chain related

differences in birds of prey. In this respect zinc differs from

cadmium although the concentrations of these chemically

similar and readily mobile metals in biota often are posi-

tively correlated (Adriano 2001). As for cadmium, the

higher zinc level in Finland could possibly be explained by

a higher bioavailability in forest soils with comparably low

pH (Römkens and Salomons 1998).

Feathers of birds of prey have shown their indicator

value particularly by indicating convincingly temporal

trends in metal levels of the environment. For seabirds

Burger (2013) has found significant yearly variations in

levels of several heavy metals in feathers of fledgling great

egret. Long-term time trends and anthropogenic influence

has been demonstrated especially for mercury. In Sweden,

rather constant levels of mercury have been found in birds

of prey during the period 1840–1940. After the introduc-

tion of alkyl mercury compounds for seed dressing the

concentrations increased significantly amounting to at least

10–20 times the previous level and decreased sharply after

mercury ban in 1966 (Berg et al. 1966; Westermark et al.

1975; Johnels et al. 1979; Wallin 1984). Correspondingly,

Ek et al. (2004) found significantly decreasing lead con-

centrations in feathers of peregrine falcons and sparrow-

hawks after the ban of leaded petrol. In Finland, mercury

levels in feathers of Eurasian sparrowhawks increased

sharply in the 1960s and decreased thereafter slowly

(Fig. 3). In the Eurasian kestrel Falco tinnunculus the

mercury levels were considerably high already in the 1950s

but afterwards they showed a similar decrease as those in

the sparrowhawk. The few data on the species found from

other countries fitted to the picture rather well.

Feathers of birds of prey as biological indicators

Birds, in particular their feathers, have proved to be good

bioindicators of metal pollution (Berg et al. 1966; Goede

and de Bruin 1984; Furness et al. 1986; Solonen and

Lodenius 1990; Thompson et al. 1998; Dmowski 1999;

Eens et al. 1999; Brait and Antoniosi Filho 2011). Feathers

are easy to collect even from living birds and the metal

concentrations in feathers are stable compared to, for

instance, concentrations in blood or muscle. Museum col-

lections give additional opportunities for studying time

series. The sometimes considerable variations in metal

concentration within individuals and within feathers make

it necessary to standardize sampling and analyses, for

instance by using whole feathers from nestlings (Solonen

and Lodenius 1990).

Feathers of birds of prey can be considered particularly

useful bioindicators for metal pollution because these spe-

cies are high in the food chains, usually have a long lifespan,

restricted home range, rather even spatial distribution, they

are largely site-tenacious, and often specialized to certain

prey types (e.g. Newton 1979; Ellenberg 1981; Solonen and

Lodenius 1990; Burger 1997). Various kinds of birds of prey

indicate different aspects of metal pollution of the environ-

ment. For instance, boreal food chains via terrestrial primary

consumers could be monitored by vole specialists such as the

migratory common buzzard, largely nomadic or migratory

Eurasian kestrel, or, in particular, by sedentary species of

owls such as the Eurasian eagle owl Bubo bubo, tawny owl

Strix aluco, and Ural owl S. uralensis (e.g. Solonen and

Lodenius 1990). The tawny owl commonly indicates the

status of both urban and rural environments (e.g. Hahn 1981;

Weiss 1981). Populations of this species can be manipulated

by using nest boxes which also enables an easier feather

sampling.

Suitable species for monitoring metal levels in terrestrial

secondary or higher level consumers are bird-eating

Fig. 3 Long-term development of median mercury concentrations in

feathers of the Eurasian sparrowhawk Accipiter nisus (upper after

Solonen and Lodenius 1984) and Eurasian kestrel Falco tinnunculus

(lower after Lodenius and Kuusela 1985) in southern Finland
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raptors, including the northern goshawk, Eurasian spar-

rowhawk, Eurasian hobby Falco subbuteo, and peregrine

falcon (e.g. Hahn et al. 1989; Solonen and Lodenius 1990;

Ek et al. 2004). The hawks concerned are largely sedentary

while the falcons are strictly migratory. In addition, the

hawks are widespread and common which makes their

feathers particularly usable as bioindicators. The sparrow-

hawk is more strictly a predator of terrestrial food chains

while the goshawk also uses prey from aquatic habitats.

In boreal, terrestrial environments, the northern gos-

hawk and tawny owl which both are highly sedentary,

long-lived, and large seemed to be the best suited species

of birds for biological monitoring of metal levels (Ellen-

berg 1981; Solonen and Lodenius 1990; Dmowski 1999).

General state of aquatic food webs could be monitored by

means of feathers of fish-eaters such as sedentary or short-

distance migratory white-tailed eagle and long-distance

migratory osprey (Odsjö et al. 2004; Grove et al. 2009).

The cosmopolitan osprey which feeds almost exclusively

on fish is especially suitable for monitoring mercury in

aquatic food chains when effects of migration are taken

into account (Häkkinen and Häsänen 1980; Solonen and

Lodenius 1990).

For migratory birds, exposure to metals is a sum of

exposure at breeding areas, wintering areas, and along the

migration route. The food items and the metal concentra-

tions in food may vary considerably in different areas.

Consequently, the interpretation of metal levels in feathers

must include knowledge of metal load not only in the

breeding areas but also knowledge on molting of the species

concerned. For example, based on the known molting pat-

tern of the osprey, Johnels et al. (1979) could convincingly

show that main mercury load of these birds originated

from Swedish fish, not from the food in wintering areas.

Mercury in osprey eggs and hatchlings may be acquired

during migration while mercury in older nestlings mainly

reflects mercury concentrations of local diet (Hughes et al.

1997).

Planning and implementation of monitoring projects

When planning a monitoring project there are several cir-

cumstances and limitations to consider. A monitoring plan

should have clear goals and should be adequate to the task.

In addition it should be repeated regularly within reason-

able time intervals (Burger and Gochfeld 2004). Sampling

and preparation should be carried out under clean condi-

tions avoiding contamination. In order to achieve good

comparability and avoid problems related to variation

within feathers, it is recommended to analyse the whole

vane of the feathers without the shaft (Solonen and Lode-

nius 1990; Altmeyer et al. 1991). Samples of adult and

juvenile birds have often different metal levels which

makes it difficult to compare results from these groups.

Nestlings give the most accurate picture of local conditions

(Solonen and Lodenius 1990; Furness 1993). For inter-

pretation of the concentrations, the exact position of the

analysed feathers and species-specific molting patterns

must be known (e.g. Altmeyer et al. 1991). In order to get

as reliable and comparable results as possible sampling

should be standardized by using feathers from the same

plumage area. Small feathers such as secondary coverts are

preferable compared to larger ones (Furness et al. 1986;

Solonen and Lodenius 1990). Denneman and Douben

(1993), however, recommend the use of the seventh pri-

mary (HS7) as a standard. Several bird species representing

different food chains should be included in a comprehen-

sive monitoring program (Solonen and Lodenius 1990).

External contamination of metals in feathers can occur

through dry or wet deposition or direct contact with the

environment, for example, in urban or industrial environ-

ments (Dauwe et al. 2003; Jaspers et al. 2004). In normal

monitoring studies it may not be necessary to distinguish

between internal and external contamination because the

total concentrations reflect the total environmental expo-

sure (Sawicka-Kapusta et al. 1986; Hahn et al. 1989). If the

aim is to determine the exposure through food, a distinction

between internal and external metal levels has to be made

and a cleaning of feathers using an appropriate method is

necessary (Denneman and Douben 1993; Dmowski 1999).

Museum samples of bird feathers can give valuable infor-

mation of historical metal levels. However, feathers in

museum collections may be externally contaminated. For

example, mercuric chloride (sublimate) and arsenic com-

pounds have been widely used as disinfectants in museum

collections (Sirois 2001; Marte et al. 2006), and lead has

been used in paints, fuel, and shots (Woolf et al. 2007;

Ferreyra et al. 2009). This external contamination may

result in totally misleading metal concentrations in feathers

(e.g. Solonen and Lodenius 1984). On the other hand,

washing and treatment with preservatives may reduce the

metal concentrations in feathers (Hogstad et al. 2003). So,

if cleaning is carried out or samples from old collections

are to be included, special attention must be paid to con-

tamination risks. Aluminium levels may be used to indicate

surface contamination by inorganic particulates (Cardiel

et al. 2011).

According to Dmowski (1999), feather analysis is suit-

able mainly for assessment of lead, cadmium, arsenic,

antimony, germanium, thallium, selenium and mercury.

For manganese, nickel, strontium, rubidium, molybdenum,

and iron the levels are similar in polluted and unpolluted

areas which makes the method unsuitable for these metals.

Also seabird chick feathers seem to be inappropriate for

monitoring nickel and vanadium pollution (Moreno et al.
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2011a). For great and blue tit Parus spp. nestlings Dauwe

et al. (2000) concluded that feathers appear to be suitable

for biomonitoring purposes for lead pollution only.

There are many methods other than the use of feathers

of birds of prey for monitoring metal levels in the envi-

ronment (e.g. Burger and Gochfeld 2004, Harmens et al.

2010; Chandia and Salamanca 2012). No method has been

perfect for all purposes and the different methods may give

different information. For instance, analysing moss or

lichen concentrations give good estimates of deposition

(Conti and Cecchetti 2001; Harmens et al. 2010) but

analyses of feathers of birds of prey give also information

on biological effects or biomagnification. Birds have also

some disadvantages to fulfil the requirements of a good

bioindicator (Burger 1997): (1) they are mobile, making it

difficult to determine exactly where they acquired their

toxic burden, (2) some species feed over a wide geo-

graphical area, and (3) endangered or threatened species

cannot be collected easily. In addition, the collection of

samples from birds of prey is not as easy as, for example,

collection of mosses or lichens.

Conclusions

The concentrations of metals (cadmium, copper, lead,

mercury and zinc) in feathers are normally within a rea-

sonably narrow range while samples from polluted areas

or time periods are elevated. The use of feathers of birds

of prey as indicators of metal pollution is relatively easy

but in order to fully benefit the results of monitoring

surveys using feathers they should be carried out based on

careful planning and relevant information on the bird

species in question. This information should preferably

include besides species, age of individuals, diet and food

chain relationships, in adult birds also sex, general molt-

ing patterns of the species, molting status, migration pat-

terns, health status and breeding success. In addition,

background information on the environmental conditions

such as emissions and deposition of heavy metals in the

area, other factors affecting the bird populations (settle-

ment, traffic, disturbance, other pollutants etc.), as well as

spatial and temporal trends for the factors mentioned were

illuminating. It is difficult to evaluate the proportion of

internal and external metal contamination. Temporal and

spatial comparisons require standardized methods and

reporting particularly regarding collection and cleaning of

samples. The use of nestling feathers gives a uniform

material reflecting food chain burden of metals in a lim-

ited area.
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Bioindikatoren? Ökol Vögel 3(Sonderheft):83–99

Esselink H, Vandergeld FM, Jager LP, Posthuma-Trumpie GP, Zoun

PEF, Baars AJ (1995) Biomonitoring heavy-metals using the

barn owl (Tyto alba guttata): sources of variation especially

relating to body condition. Arch Environ Contam Toxicol

28:471–486

Ferreyra H, Romano M, Uhart M (2009) Recent and chronic exposure

of wild ducks to lead in human-modified wetlands in Santa Fe

Province, Argentina. J Wildl Dis 45:823–827

Fimreite N (1974) Mercury contamination of aquatic birds in

northwestern Ontario. J Wildl Manag 38:120–131

Fisher IJ, Pain DJ, Thomas VG (2006) A review of lead poisoning

from ammunition sources in terrestrial birds. Biol Conserv

131:421–432

Furness RW (1993) Birds as monitors of pollutants. In: Furness RW,

Greenwood JJD (eds) Birds as monitors of environmental

change. Chapman and Hall, London, pp 86–143

Furness RW, Muirhead SJ, Woodburn M (1986) Using bird feathers
to measure mercury in the environment: relationships between

mercury content and moult. Marine Pollut Bull 17:27–30

Garcia-Fernandez AJ, Calvo JF, Martinez-Lopez E, Marı́a-Mojica P,

Martı́nez J (2008) Raptor ecotoxicology in Spain: a review on

persistent environmental contaminants. Ambio 37:432–439

Ginn HB, Melville DS (1983) Moult in birds—BTO guide 19. Brit

Trust Ornithol, Thetford

Gochfeld M, Belant JL, Shukla T, Benson T, Burger J (1996) Heavy

metals in laughing gulls: gender, age and tissue differences.

Environ Toxicol Chem 15:2275–2283

Goede AA, de Bruin M (1984) The use of bird feather parts as a

monitor for metal pollution. Environ Pollut Ser B 8:281–298

Grove RA, Henny CJ, Kaiser JL (2009) Osprey: worldwide sentinel

species for assessing and monitoring environmental contamina-

tion in rivers, lakes, reservoirs, and estuaries. J Toxicol Environ

Health B 12:25–44

Hahn E (1981) Warum eignet sich der Waldkauz (Strix aluco) als

Schadstoffindikator? Verhandl Gesell Ökol 9:321–324
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