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Abstract: Levels of copper, zinc and arsenic were analyzed in rook Corvus frugilegus
eggshells from 43 breeding colonies located in different parts of Poland. The average (95%
confidence limit) level of copper was found to be 8.13 (0.64-15.62) ppm, of zinc 13.81 (7.99-
19.62) ppm and of arsenic 32.57 (25.60-39.54) ppm. The metal concentration levels varied
widely in the surveyed shells. In case of copper the difference between extreme values was
90-fold, for zinc 57-fold and for arsenic 36-fold. General linear model (GLM) analysis
revealed that copper accumulation in eggshells from urban rookeries was significantly higher
than in those from villages (average (with 95% c.l.), 19.31 ppm (4.57-43.20) and 2.74 ppm
(2.36-3.12), respectively). In the eggshells of rooks nesting in cities the concentration of zinc
was only close to being significantly higher (P = 0.07). The arsenic levels in rural and urban
colonies were similar. No significant differences were proved for any of the metals between
the rookeries located in the areas of intensive (western Poland) and extensive (eastern Poland)
agriculture. Compared to other data on the arsenic contamination affecting different biota,
including tissues and bird eggs of terrestrial and aquatic animals, the level of this metal in
rook eggshells should be regarded as extremely high. It is probably due to the widespread use

of pesticides containing arsenic.
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1. Introduction

The rook Corvus frugilegus represents a group of birds strongly associated with agro-
ecosystems, especially in central and eastern Europe where the considerable majority of rooks
nest within farmed landscapes. Their diet is mainly based on Coleoptera and cereal grains
which are found in the arable fields (Jabtonski 1979, reviews in Cramp 1998, Kasprzykowski
2003, Ortowski et al. 2009). The strong link between the rook and the arable areas may make
the species prone to the adverse or even lethal effects of agricultural-related contaminants,
especially pesticides and heavy metals (Malmberg 1973). In spite of the fact that the rook is a
common species in central and western Europe (Brenchley and Tahon 1997), the
ecotoxicological studies were conducted only in the distant past and concerned merely single
or at most several rookeries (reviewed in Beyerbach et al. 1987).

Moreover it is worth underlining that there is a shortage of studies investigating the
level of contamination among different populations within the same species in the terms of
ecotoxicological research. Revolutionary changes in the intensification of agricultural
productivity including introduction of new fertilizing methods and the application of
technologically advanced pesticides imply an acute need to determine the level of
contamination in the tissues of species strongly linked with agricultural areas. It is also of
crucial importance to compare birds™ contamination with that of the environment.

The main source of contamination of agricultural areas with heavy metals, including
copper (Cu) and zinc (Zn) are commonly used manure and slurry (Dach and Starmans 2005).
An increase in livestock numbers and faulty utilization of huge amounts of animal faeces
containing chemical remnants of food additives (mainly copper and zinc) are regarded as the
main threats connected with the intensification of agricultural productivity in Europe (de
Vries et al. 2002, Dach and Starmans 2005). The contamination of agricultural areas with
arsenic (As) is linked to the massive use of pesticides containing this metal. It is believed that
introducing of first arsenical pesticides began in the end of the 19th century (Murphy and
Aucott 1998, Peryea 1998, review in Mandal and Suzuki 2002). Copper (as copper hydroxide

and copper sulfate) is similarly applied in many different kinds of pesticides (Epstein and



Bassein 2001) while arsenic appears nowadays mainly in the form of monosodium
methanearsonate (MSMA), monomethylarsocic acid (MMAYV) and dimethylarsinic acid
(DMAV) from which herbicides, including defoliants, are manufactured. Two other arsenic
compounds (lead arsenate and copper acetoarsenite), in use for a considerably longer time, are
the base for insecticide production. Arsenic and its derivatives affect biota and human health
and their biogeochemical cycles are currently being studied in many countries of the world
(Mandal and Suzuki 2002, Sierra-Alvarez et al. 2006).

The metals can permeate the birds™ organisms through ingestion (Best and Fisher
1982, Schafer et al. 1983). In Coleoptera, constituting the main rook’s prey (Orlowski et al.
2009), after pesticide application the level of arsenic may be very high (Morrissey et al. 2007,
Orlowski et al. 2009). Females of birds can get rid of the surplus of the heavy metals by
eliminating it through the egg shells (Burger 1994, Dauwe et al. 2005). Some pesticides
contribute to the accumulation of the heavy metals in bird tissues, e.g. addition of DDE to the
diet of black duck Anas rubripes resulted in an increased copper content in the eggshells
(Longcore et al. 1972). According to Dauwe et al. (1999) the eggshell is a suitable indicator
for heavy metal contamination, especially in case of arsenic, the level of which was higher in
eggshells from the contaminated breeding sites. However, the content of metals in eggs varies
from species to species and contamination level is different in the shell and in the content of
the eqgg itself (Burger 1994, Morera et al., 1997, Dauve et al. 1999, Mora 2003). Mora (2003)
proved a higher arsenic and copper concentration in the eggshells of small Northern American
passerines than in the egg contents while in the case of zinc it was lower. Morera et al. (1997)
found lower concentration of zinc and copper in Audouin's gull Larus audouinii egg content.
However, Swaileh and Sansur (2006) showed that the concentration of copper and zinc in the
eggshell and the egg content of house sparrow Passer domesticus were highly correlated.

The aim of this study was to define the level of the three metals (arsenic, copper and
zinc) in the eggshells of rooks nesting in Poland. The study draws a comparison in the metal
concentration depending on the geographical position (western vs. eastern Poland) and
rookery location (rural vs. urban habitat). Current growth in intensification of agricultural
production and the differences between western and eastern Poland (i.e. intensive vs.
extensive agriculture) were expected to cause different concentration of agriculture-related
contaminants, e.g. the level of arsenic seemed likely to be higher in colonies of the western
part of the country. Due to the high production of manure in rural areas we expected the

concentration of zinc and copper there to be higher than in urban rookeries.



2. Material and methods

The rook eggshells were collected in spring 2005 in 43 rookeries (number of nests in
particular colonies ranged from 5 to 480) located in Poland. The shells were collected from
the ground under nests. The material was then deprived of membrane remnants and visible
external dirt and stored in glass containers so that the analysis of the metal concentration
levels in samples from different geographical locations, with varying production intensity and
habitat type, could be made.

During the analysis of the results the division between the colonies located in the west
(intensive agriculture) and east (extensive agriculture) Poland as well as between urban and
rural sites was applied. The river Vistula played the main role in the geographical division
into east and west as it flows through the middle of Poland (Fig.1). This division was made in
relation to a set of eight agricultural statistics i.e. the number of farm workers per km, milking
capacity and livestock number, mineral fertilization intensity, the number of available tractors
and harvesters, the cereal crops area, and the farm size (acc. to Chylarecki et al. 2006). The
basis for the division into colonies located in villages (n = 29) and cities (n = 14) was the
number of inhabitants in each locality. The number of 50 000 people was taken as the
threshold for defining a city (after Ortowski and Czapulak 2007).

Due to a rather small amount of shells successfully collected in some rookeries, the
metal concentration for each colony was determined using just two different shells or their
fragments. In practice, the big pieces of shells were used, to ensure that they came from
different eggs. Prior to the chemical analysis all eggshells were rinsed twice with water with
detergent and air dried. They were then mineralized in the mixture of nitric and hypochloric
acid in the high-pressure microwave MARS-5 digestion system (CEM, USA). The metal
content was determined by means of atomic-absorption spectroscopy in Varian SpectrAA
FS220. The measurement process was validated with the aid of reference material, DOLT-2
(fish liver) and DORM-2 (fish muscles), provided by the National Research Council of
Canada Institute for National Measurement. The precision of method, understood as the
degree of conformity between the results of multiple analyses performed on the same sample,
corresponded to 5% (relative standard deviation, RSD). Reference values amounted to 25.8 +
1.1, 85.8 £ 2.5 and 16.6 £ 1.1 ppm for copper, zinc and arsenic respectively; whilst the
average determined values (6 measurements in 0.9 g samples) were 25.24 + 0.25, 87.20

0.35 and 17.6 + 1.0 ppm respectively. All concentrations of metals were expressed in



milligrams per kilogram (mg kg™ or parts per million; ppm) of dry mass (d.w.) with the
accuracy of two decimal points.

Statistical analysis of the collected material was conducted with the help of Statistica
7.0 (StatSoft 2006) and Excel software. The statistical significance level was 0.05. The
differences between heavy metal concentrations of specified data sets were tested by general
linear model (GLM) analysis. In GLM analysis two values of metal concentration from each
rookery were used. Combined effect between the levels of metals, taking into consideration
an interaction between geographic and habitat divisions, was analyzed in GLM (StatSofft,
2006) resulting in Wilks A. Spearman rank correlation coefficient (rs) was used to define
relationships between the analysed metals. Data are presented as means with 95% confidence
limit (c.1.).

3. Results

Average (95% c.l.) concentration of copper amounted to 8.13 (0.64-15.62) ppm, zinc
13.81 (7.99-19.62) ppm and arsenic 32.57 (25.60-39.54) ppm. The levels of metal
concentration in the shells collected in the surveyed colonies varied enormously. The
difference between extreme values was 90-fold for copper, 57-fold for zinc and 36-fold for
arsenic (Appendix 1). Extremely high concentrations of particular metals were obtained only
in a few colonies. In case of copper such extremely high levels (>8 ppm) were measured in
three rookeries located in two cities (633 000 and 71 000 inhabitants) in western Poland
(Wroctaw — two rookeries and Glogow; Appendix 1). In the other 40 (93%) rookeries the
concentration of copper did not exceed 7.60 ppm. Similar results were obtained for zinc, the
concentration of which in 40 rookeries did not exceed 20.38 ppm and extreme values were
measured only in three rookeries in western Poland (Appendix 1). Arsenic concentration was
more stable, and despite the lack of extremely high values, in 30 (70%) rookeries a very high
concentration of over 20 ppm was recorded.

Statistically significant correlations among metal concentrations were recorded only in
the case of zinc and copper (Spearman rank correlation coefficient, rs = 0.22, P = 0.04). For
the other pairs of metals these relationships were insignificant (Cu and As, rs = -0.16, P =
0.14; As and Zn, r; = 0.10, P = 0.37).

The copper accumulation in eggshells of town-nesting rooks was significantly (7-fold)
higher than in villages (Table 1). The concentration of zinc was also 2-fold higher there than

in villages, however this difference was only close to being statistically significant (P = 0.07).



Arsenic levels were similar in both rural and urban colonies. No significant differences were
proved for any of the metals between the colonies located in the areas of intensive (western
Poland) and extensive (eastern Poland) agriculture (Table 1).

An analysis of combined effect among the levels of metals in the surveyed rookeries,
after taking into consideration their geographical and habitat division, showed statistically
significant interaction only in case of copper (GLM: Wilks A = 0.89, df = 83, P = 0.01). For
the rest of metals the combined effects were not statistically significant (GLM for Zn: Wilks A
=0.95, df =83, P = 0.16; GLM for As: Wilks A =10.97, df = 83, P = 0.26).

4. Discussion

The arsenic concentration in the eggshells of the rook in Poland exceeded 20 ppm d.w.
(see Appendix 1) in 30 out of 43 surveyed rookeries. Compared to the data on the level of
contamination with arsenic for biota, including tissues of terrestrial and aquatic animals and
bird eggs (Dauwe et al. 1999, Kubota et al. 2002, Mandal and Suzuki 2002, Mora 2003,
Dauwe et al. 2005), the level of this metal should be regarded as extremely high. High level of
arsenic in the rook eggshells should be linked with its long-term accumulation in soil as a
result of using pesticides containing this metal (Murphy and Aucott 1998, Peryea 1998). The
high usage of pesticides in Poland (total weight of insecticides, fungicides, rodenticides and
others) has appeared to be stable since the beginning of 1960s (in 1960, 45 0137 kg; in 2005,
44130 kg; GUS 1970-2007). However, it is difficult to relate pesticide usage to the absolute
amount of active ingredients (currently used determiner), as the total usage of pesticides was
defined by using of different determiner in the past. This is the reason why data on the
combined weight of the pesticides used in 1960 in Poland is incomparably higher than the
statistics from western Europe, where an almost 10-fold increase of pesticide use was
recorded between 1957 and 1995. It was measured there in relation to the amount of active
ingredients (review in Sotherton and Holland 2003).

Mora (2003) established an average arsenic concentration (£ SD) in the shells of two
species of North American woodland passerines at 2.1 (+ 0.4) and 1.3 (= 0.2) ppm d.w. The
level of arsenic in the shells of great tit Parus major and blue tit P. caeruleus living in
contaminated areas in Belgium did not exceed 4.2 ppm (Dauwe et al. 1999), while arsenic
concentration in tissues and egg contents in black-tailed gull Larus crassirostris from Japan
did not exceed 2.91 ppm d.w. (Kubota et al. 2002). According to data of Evry et al. (1999) the



arsenic concentration in birds’ of prey organs originating from Britain did not exceed 0.346
ppm d.w. while the highest concentration described in literature (56 ppm d.w and 40.6 ppm
d.w.) was found in the liver of a dead osprey Pandion haliaetus (Wiemeyer et al. 1980) and
brown-headed cowbird Molothrus ater (NAS 1977). According to Mandal and Suzuki (2002)
an average level of arsenic measured in freshwater fish amounts to 0.54 ppm in wet weight,
although some values reach as much as 77 ppm. Equally high levels of arsenic in natural
environment were recorded only in soil, especially in areas of arsenic geological origin or in
regions heavily contaminated by industry or agriculture (Mandal and Suzuki 2002, Hossain
2006). The arsenic level in unpolluted soils from various countries ranged from 0.1 to 40
ppm; in some areas contaminated by pesticides or mining activity rising to between 57 and
2470 ppm (review in Hossain 2006) and in south-western Poland it reached up to 800 ppm
(WIOS 2008).

Contrary to arsenic, concentrations of zinc and copper in rook eggshells in Poland
(excluding three extreme values for both metals; see Appendix 1) were not considerably
different from the results obtained by other scientists studying the level of these metals in
eggshells. The average level of copper and zinc in eggshells of two small woodland
passerines from Arizona amounted to 3.0 and 6.2 ppm (Cu) and 9.5 and 46.2 ppm (Zn) (Mora
et al. 2003). The average concentration of copper in eggshells of house sparrow originating
from Middle East amounted to 1.0 ppm (range: 0.9-1.2 ppm) and zinc — 20.0 ppm (range:
14.3-25.5 ppm) (Swaileh and Sansur 2006). The average level of copper and zinc in shells of
great and blue tit living in contaminated area in Belgium was respectively 3.2 ppm and 32
ppm (Dauwe et al. 1999). The mean level of copper in eggshells of grey heron Ardea cinerea,
night heron Nycticorax nycticorax and Audouin’s gull nesting in Turkey amounted to 6.75
and 1.37 ppm and in case of the last mentioned species (data for two breeding colonies), 1.85
and 10.20 ppm (Ayas 2007, Ayas et al. 2008). However, the eggshells of grey heron nesting
in three different colonies in Poland in unpolluted areas had an average level of copper
ranging between 4.13 and 5.27 ppm, and zinc from 1.62 to 2.24 ppm (Dmowski 1999). In two
oceanic species such as short-tailed albatross Phoebastria albatrus and black-footed albatross,
Ph. nigripes, found in Japan, the average copper concentration in eggshells was 0.77-0.78
ppm and zinc 3.39-5.61 ppm (lkemoto et al. 2005).

The significantly higher level of copper in eggshells of the rook from the colonies
located in towns results mainly from its extremely high concentration in three rookeries in
south-western Poland (see Appendix 1). After excluding these values the copper levels in both

habitats are very similar (villages, 2.74 ppm; towns, 3.08 ppm). An extremely high copper



concentration in three rookeries in south-western Poland was probably related to the geology
of the area where some intensively exploited copper deposits are located. The average level of
copper in rook eggshells in Poland (with the exception of three extreme values) was found to
be 2.83 (min-max = 1.67-7.21) ppm (see Appendix 1). It was considerably lower than the
minimal value established as the lowest indicator (indices on five class scale from 0 to 5 —
>100 ppm) of soil contamination in Poland (IOS 2003). A similar picture emerges for zinc, as
its level in eggshells after excluding three extreme values was found to be 9.41 ppm (min-max
= 1.98-20.38). Such concentration is also considerably lower than the minimal value (50 ppm)
reported as the lowest indicator of soil contamination in Poland (IOS 2003). The three
extremely high values of zinc concentration were noted in the heavily industrialized cities in
western Poland. It proves that the contamination does not originate from agriculture,
especially if we note that the level of zinc in the soil exceeded the highest contamination class
(>500 ppm; acc. data presented by WIOS 2008).

The extremely high level of arsenic in rook eggshells in Poland indicates that this
metal can be regarded as a potential threat to the proper growth and development of birds’
organisms. The lack of confirmation of preliminary expectations about the higher metal
concentration in the eggshells of birds nesting in western Poland may result from the species’
biology and it may relate to the fact of wintering away from their breeding areas. Rooks
originating from Poland winter mainly in western Europe where they spend several months
(Gromadzki and Mokwa 2005). Hence the contamination level in eggshells of rook and other
migratory bird species may be linked to a lesser degree with the contamination around nesting
sites than in resident species (Dmowski 1999). However, studies conducted on domesticated
hens indicated that bioaccumulation and excretion of arsenic is fast — birds which were being
fed on food with high content of arsenic (up to 100 ppm) reached maximum concentration in
the sixth week, while the excretion from the organism was completed up to two weeks after
the experiment (Daghir and Nariri 1977). The two main arsenic derivatives which have been
applied as pesticides (arsenobetaine and dimethylarsinic acid) can permeate to the inside of
the bird eggs and the first mentioned compound may account for as much as 95% of the total
arsenic content (Kubota et al. 2002). Arsenic accumulation in nestlings’ tissues may lead to
weight reduction; however no influence was reported on hatching success or on teratogenic
activities (Stanley et al. 1994). According to Camardese et al. (1990) an extremely high
arsenic concentration (up to 430 ppm d.w.) in the vegetable food of mallard Anas
platyrhynchos nestlings increased nesting time and decreased the overall nestlings™ growth. It

must be emphasized that despite the methodical inconveniences with assessment of local



contamination levels due to the rook migration cycle, the species’ eggshells should be used as
a tool in monitoring of agricultural contamination, especially pesticides and their remnants.
Constant threat of heavy agricultural contamination implies an acute need for further studies
on defining relations between its level and amount in different tissues and the nestlings’

condition.

Zusammenfassung

Geographische und Habitatunterschiede in den Konzentrationen von Kupfer, Zink und
Arsen in Eierschalen der Saatkrahe Corvus frugilegus in Polen

Der Gehalt von Kupfer, Zink und Arsen wurde in Eierschalen der Saatkrahe Corvus
frugilegus aus 43 in verschiedenen Teilen Polens gelegenen Brutkolonien analysiert. Der
durchschnittliche (95%-Konfidenzintervall) Gehalt von Kupfer betrug 8,13 (0,64-15,62) ppm,
der von Zink 13,81 (7,99-19,62) ppm und der von Arsen 32,57 (25,60-39,54) ppm. Die
Metallkonzentrationen in den untersuchten Eierschalen schwankten stark. Im Falle von
Kupfer bestand ein 90-facher Unterschied zwischen den Extremwerten, fiir Zink war er 57-
fach und fur Arsen 36-fach. Eine allgemeine lineare Modellanalyse zeigte, dass die
Anreicherung von Kupfer in Eierschalen aus Kréhenhorsten in Stadten signifikant hoher war
als aus Horsten in Dorfern (Mittelwerte (95%-Konfidenzintervall) 19,31 ppm (4,57-43,20)
bzw. 2,74 ppm (2,36-3,12)). In den Eierschalen von in Stadten nistenden Saatkréhen war die
Zinkkonzentration gerade eben nicht signifikant hoher (P = 0,07). Die Arsenkonzentrationen
in Kolonien auf dem Land und in der Stadt waren dhnlich. Fir keines der Metalle bestanden
signifikante Konzentrationsunterschiede zwischen Horsten in Regionen intensiven
(Westpolen) und extensiven (Ostpolen) Ackerbaus. Im Vergleich mit anderen Daten zur
Arsenbelastung verschiedener Biota, einschlieRlich der Gewebe und Eier landlebender und
aquatischer VVogel, sollte der Gehalt dieses Metalls in den Eierschalen von Saatkréhen als
extrem hoch angesehen werden. Dies ist wahrscheinlich auf den weitverbreiteten Gebrauch

von arsenhaltigen Pestiziden zurtickzuftuihren.
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Table 1. Results of GLM on concentrations (ppm) of copper, zinc and arsenic in eggshells of
rook Corvus frugilegus from breeding colonies located in villages (n = 29) and towns (n = 14)

and in areas of intensive (West; n = 28) and extensive agriculture (East; n = 15) in Poland.

Metal Concentration GLM
average (x 95% c.l.) min-max average (+ 95% c.l.) min-max F P-value
Villages Towns
Cu 2.74 (2.36-3.12) 1.67-7.21 19.31 (4.57-43.20)  1.93-150.45 9.772 0.002
Zn 11.94 (4.23-19.64)  1.98-113.53 17.77 (8.60-26.73)  2.64-59.58 1.741 0.190
As 35.32 (26.09-44.55) 2.45-87.30 26.86 (16.26-37.47) 3.40-58.06 2.703 0.104
West East
Cu 11.02 (0.58-22.63)  1.67-150.45 2.74 (2.49-3.00) 2.08-3.48 2.320 0.131
Zn 16.52 (7.72-25.31) = 2.55-113.53 8.75 (5.36-12.13) 1.98-20.16 3.377 0.070
As 30.94 (22.77-39.12)  30.40-80.49 35.6 (21.30-49.90)  2.45-87.30 0.829 0.365
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Appendix 1. Concentration (ppm) of copper, zinc and arsenic in eggshells of rook Corvus
frugilegus from the surveyed breeding colonies in Poland; metal levels from two analyzed
shells per colony are shown, respectively. 'Rookery numbers as in Fig. 1. “Region
(voivodship): D — dolnoslaskie, L — lubuskie, S — $laskie, W — wielkopolskie, M —
mazowieckie, P — podlaskie. Three highest concentrations are marked in bold.

Status of colony Metal level
No'  Location Region? village (V) I west(W)/ o s
town (T) east (E)

1 Wroctaw (1) D T w 2.84 2.84 35.68 52.51 7.92 7.00
2 Wroclaw (2) D T w 4.67 4.89 3.97 6.21 3.64 3.16
3 Wroctaw (3) D T w 60.92 70.29 9.31 12.73 9.893 9.695
4 Wroctaw (4) D T w 150.24  150.66 15.53 16.81 33.78 3341
5 Pietrzykowice D \Y w 291 2.83 10.62 15.41 26.99 24.62
6 Olesnica D V w 2.76 2.74 2.94 4.58 37.17 3495
7 Sroda Slaska D \Y; w 2.78 2.81 3.24 5.13 15.23 15.04
8 Przerzeczyn Zdréj D \Y w 1.85 1.80 1.97 3.13 28.69 2561
9 Zabkowice Slaskie D \ w 3.76 3.71 15.59 21.66 39.25 33.89
10 Pszenno D \Y% w 2.79 2.87 5.10 7.89 21.36 18.85
11 Borek Strzelinski D \Y% w 1.70 1.64 2.04 3.25 30.87 27.59
12 Zgorzelec D \Y% w 2.62 2.50 11.34 16.99 80.14 76.48
13 Zebrzydow D V w 7.60 6.82 117.96 109.10 11.73 1315
14 Strzelin D V w 2.88 2.93 4.65 7.55 79.99 81.00
15 Lagiewniki D \% W 2.58 2.55 5.20 8.49 37.16 33.10
16 Swidnica D T w 2.54 2.53 9.41 13.04 8.09 6.44
17 Glogow D T w 20.59 20.28 9.23 0.52 18.79 21.59
18 Gorzéw Wikp (1) L T w 2.15 211 55.17 64.00 49.86 52.73
19 Gorzéw Wikp (2) L T W 2.32 2.23 15.26 18.68 3422 38.30
20 Wodzistaw SI. $ T W 3.72 3.12 9.49 14.72 18.37 18.02
21 Gotebin Stary w \Y w 2.17 141 481 7.052 80.64 73.67
22 Zerkow W \% W 2.09 2.06 6.98 10.35 10.58 8.56
23 Kepno W \% W 2.15 212 5.12 8.23 33.75 30.34
24 Laski w \Y w 1.93 1.88 3.43 5.64 34.76  31.65
25 Warszawa (1) M T W 5.01 451 15.42 25.33 53.12 61.70
26 Warszawa (2) M T W 3.24 3.24 7.38 11.65 2351 26.81
27 Warszawa (3) M T W 2.01 1.86 12.54 17.58 2416 27.72
28 Warszawa (4) M T W 2.74 2.54 15.03 22.21 20.38 23.81
29 Podnie$no p \% E 321 3.23 3.50 5.50 1582 12.21
30 Wyszkow P \Y E 2.63 2.65 11.76 13.34 18.33 14.71
31 Iganie p \% E 3.08 3.10 242 3.72 254 236
32 Biodry p \% E 211 2.04 4.20 6.64 355 248
33 Zelkow P V E 2.28 2.27 5.45 8.29 57.72  56.07
34 Czyzew P V E 214 2.13 247 3.89 30.04 26.49
35 Zembréw P V E 244 2.39 1.59 2.36 23.41 18.97
36 Stoczek Lukowski P V E 214 2.09 5.62 8.62 39.23 3534
37 Wizna p \% E 3.02 3.06 4.52 7.38 46.67 43.67
38 Siedlce p T E 3.33 3.40 2.05 3.24 59.03 57.09
39 Olesnica P \Y% E 2.87 2.92 9.78 12.60 78.49 80.20
40 Mokobody p \% E 2.95 3.00 18.63 16.67 2451 25.48
41 Seroczyn P V E 2.89 2.89 21.12 19.19 40.55 41.77
42 Mordy P V E 2.58 2.57 19.41 18.27 87.36 87.25
43 Toczyska P V E 3.45 3.51 8.03 12.13 19.97 16.66
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Fig. 1. Distribution of breeding colonies of the rook Corvus frugilegus in Poland, where the
levels of copper, zinc and arsenic in the eggshells were surveyed. Rookeries numbered as in
Appendix 1. The river of Wista (Vistula) is the border between western and eastern Poland (=
intensive vs extensive agriculture; see chapter Material and methods).
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