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Abstract Concentrations of seven trace elements [arsenic
(As), chromium (Cr), nickel (Ni), lead (Pb), copper (Cu),
zinc (Zn), and cadmium (Cd)] in the eggshells of Rooks
Corvus frugilegus, a focal bird species of Eurasian agri-
cultural environments, are increased above background
levels and exceed levels of toxicological concern. The
concentrations of Cr, Ni, Pb, Cu, and Zn are greater in
eggshells from urban rookeries (large cities) compared
with rural areas (small towns and villages) suggesting an
urbanisation gradient effect among eggs laid by females. In
the present study, the investigators assessed whether the
pattern of relationships among the seven trace elements in
eggshells change along an urbanisation/pollution gradient.
Surprisingly, we found that eggshells with the greatest
contaminant burden, i.e., from urban rookeries, showed far
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fewer significant relationships (n = 4) than eggshells from
villages (n = 10), small towns (n = 6), or rural areas
(n = 8). In most cases, the relationships were positive. As
was an exception: Its concentration was negatively corre-
lated with Ni and Cd levels in eggshells from small town
rookeries (where As levels were the highest), whereas
eggshells from villages (with a lower As level) showed
positive relationships between As and Cd. Our findings
suggest that at low to intermediate levels, interactions
between the trace elements in Rook eggshells are of a
synergistic character and appear to operate as parallel
coaccumulation. A habitat-specific excess of some ele-
ments (primarily Cr, Ni, Cu, As) suggests their more
competitively selective sequestration.

Despite the need for better knowledge of elemental inter-
actions about the toxicological assessment of wildlife in the
geochemical environment (Moéller 1996), avian eggs have
rarely been examined or used in such analyses. In view of
the indispensable part played by eggs in the reproductive
process in birds, the composition and/or interaction of
chemical elements present in eggs, i.e., in the egg content
and shell, are of critical importance for the proper devel-
opment of the embryo and body of hatching nestlings
(Pinowski et al. 1994; Nys et al. 2004).

The main function of the eggshell is to protect the
embryo from external factors, a function that must never-
theless be compatible with ready breakability from the
inside to allow the hatchling to emerge. The eggshell
structure must permit the exchange of water and gases
between the environment and the embryo during its
extrauterine development as well as be a source of calcium
(Ca) for the growing embryo (Nys et al. 2004). Because
eggshell is a ceramic material, some elements or chemical
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compounds can modify the morphology of calcite crystals
and mineralisation and ultimately the properties of whole
shells, primarily their thickness and microstructure. This is
especially important in the ecotoxicological context
because avian eggshells are especially susceptible to the
adverse effects of anthropogenic pollutants, with the
response to these being the thinning of eggshells (Gonzalez
and Hiraldo 1988 [reviewed in Rodriguez-Navarro et al.
2002]). This was one of the first signs of the detrimental
effects elicited by high loads of certain organic contami-
nants, primarily the residues of organochlorine pesticides
in birds, observed in the late 1960s, and also by some
heavy metals, e.g., mercury (Hg), lead (Pb), cadmium (Cd)
and aluminium (Al) (Ratcliffe 1970; for more references
see Gonzalez and Hiraldo 1988; Eeva and Lehikoinen
1995; Rodriguez-Navarro et al. 2002; Skalicka et al. 2008).
More recently, eggshell thinning due to the presence of
residues of persistent pesticides has been observed in some
seabirds, such as Ivory Gulls Pagophila eburnea from the
High Arctic, which may imply a direct link between pop-
ulation decrease and eggshell quality in species from eco-
systems remote from industrial areas (Miljeteig et al.
2012).

Despite the growing interest in using avian eggshells to
biomonitor environmental contaminants and the small
number of studies assessing trace elements and pesticide
residues in the eggshells of several bird species (e.g.,
Burger 1994; Morera et al. 1997; Dauwe et al. 1999;
Rodriguez-Navarro et al. 2002; Ayas 2007; Ayas et al.
2008; Hashmi et al. 2013; Ortowski et al. 2010), knowl-
edge of the relationships among the various elements in
eggshells remains limited. Some trace elements can inter-
act with one another, primarily essential ones versus non-
essential divalent cations, e.g., arsenic (As) versus boron
(Bo) (Pendleton et al. 1995). In addition, orally adminis-
tered dietary Ca or Cr can decrease the negative impact of
Cd by increasing the thickness of eggshells and limiting
their brittleness (Scheuhammer 1996; Skalicka et al. 2008).
With detailed information on the direction of interactions
between the various chemical elements occurring in egg-
shells, we can assess potential inhibitory or synergistic
effects due to the sequestration of an individual element
into this calcified tissue in the presence of others. More-
over, the relationships among various elements in eggshells
have been analysed in just a few studies on waterbirds.
Because most of these analyses were performed simulta-
neously on an entire data set with no consideration for
habitat-specific differences in the concentrations of egg-
shell elements (Burger 1994; Morera et al. 1997; Hashmi
et al. 2013), they did not reflect the pollution gradient or
even the variable intensity or direction of interactions (cf.
Rodriguez-Navarro et al. 2002). An exception was a study
performed in salt marsh wetlands in coastal Georgia that
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examined relationships among certain elements, including
three trace elements [copper (C), zinc (Zn), and lead (Pb)]
in eggshells of Clapper Rails Rallus longirostris across a
pollution gradient (Rodriguez-Navarro et al. 2002).

In the present work, we address this issue by attempting
to determine the direction of relationships among various
trace elements—four essential ones [Zn, Cr, nickel (Ni),
and (Cu)] and three nonessential ones (As, Pb, Cd)—in
eggshells along a pollution gradient in the context of the
results of our extensive ecotoxicological studies of the
Rook Corvus frugilegus (Ortowski et al. 2010, submitted),
a focal bird species of Eurasian agricultural environments.
Because the Rook’s food items are collected on arable land
(Kasprzykowski 2003, 2007; Ortowski et al. 2009, 2013),
they are especially vulnerable to the impact of agricultural
contaminants. Rook tissues and eggs have exceptionally
high levels of organic contaminants and toxic metals, and
their eggs have displayed signs of thinning (Ratcliffe 1970;
Malmberg 1973; Pinowska et al. 1981; Pinowski et al.
1983; Beyerbach et al. 1987; Orlowski et al. 2012a).
Recently, we found that eggshells of Rooks in Poland have
exceptionally high concentrations of As and Cr (Ortowski
et al. 2010; submitted). Five other trace elements (Ni, Pb,
Cu, Zn, and Cd) also occurred at levels of ecotoxicological
concern (Ortowski et al. 2010, submitted). Furthermore,
concentrations of Cr, Ni, Pb, Cu, and Zn were significantly
greater in eggshells from urban rookeries compared with
those from rural areas, which suggests a clear impact of
urbanisation on the bioaccumulation of these elements in
eggs laid by female Rooks along a pollution gradient
(urban > rural area). This is a consequence of the level of
contaminants in dietary items gathered near the rookeries.
Here we wanted to test whether the pattern of relationships
among these seven trace elements in eggshells changed
along an urbanisation/pollution gradient. We hypothesized
that along with the growing load of contaminants, there
will be a greater number of interactions among these
eggshell elements.

Materials and Methods

The analytical material, including the levels of elements
and the classification of rookeries into urban and rural, was
presented in our two earlier articles on the concentrations
of seven trace elements (Cr, Ni, Cd, Pb, Cu, Zn, and As) in
Rook eggshells in Poland (Ortowski et al. 2010, submit-
ted). The eggshells used for both this and the earlier work
were collected in the spring 2005 in 43 rookeries ranging in
size from 5 to 480 nests and located in various parts of
Poland (Fig. 1). The eggshells were picked up from the
ground beneath the nests. Eggshells were sampled in
rookeries situated in three different types of built-up area
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Fig. 1 Distribution of breeding colonies of the Rook Corvus
frugilegus in villages (open circles), small towns (grey circles), and
large cities (black circles) of Poland where levels of various chemical
elements in eggshells were analysed

that vary in their densities of buildings and human popu-
lations: villages, small towns, and large cities. Rookeries
from large cities (hereafter” ‘urban rookeries”; n = 14)
and rural areas (villages + small towns, hereafter “rural
rookeries”; n = 29) were defined on the basis of the
number of inhabitants in each locality, with 50,000 people
taken as the threshold for defining a city (after Ortowski
and Czapulak 2007). The concentrations of elements in
eggshells are presented separately for villages, small
towns, and large cities (urban rookeries); villages and small
towns (pooled) (rural rookeries); and all three types of
colonies (pooled).

Chemical Analysis

Because the amounts of eggshell collected in some rook-
eries were rather small, metal concentrations for each
colony were determined using just two different eggshells
or their fragments. In practice, large pieces were used to
ensure that the samples had come from different eggs.
Remnants of membranes and visible external dirt were
removed from the eggshells before these were stored in
glass containers for heavy-metal analysis. The chemical
analyses were performed at the Department of Aquaculture
of the Wroctaw University of Environmental and Life
Sciences by three of the coauthors of this article (W. D., P.
K., R. P.). Before chemical analysis, all eggshells were
rinsed twice with water containing detergent and then air-
dried. They were then mineralised in a mixture of nitric and
hydrochloric acid in a high-pressure microwave digestion

system (MARS-5; CEM, Matthews, North Carolina, USA).
Atomic absorption spectroscopy (SpectrAA FS220; Varian,
Palo Alto, California, USA) was used to determine metal
content. The measurement process was validated using
DORM-3 (fish protein) reference material, which was
provided by the National Research Council of Canada
Institute for National Measurement. The precision of the
method, taken to be the degree of conformity between the
results of multiple analyses performed on the same sample,
was 5 % (RSD). The measurements for the reference
material were 25.80 £ 1.10 (Cu), 85.80 £ 2.50 (Zn),
16.60 £ 1.10 (As), 1.89 £ 0.17 (Cr), 1.28 + 0.24 (Ni),
0.290 £ 0.020 (Cd), and 0.395 £ 0.050 (Pb) ppm. In
comparison, the average values determined in the eggshells
(six measurements on 0.9-g samples) were 25.24 + (.25,
87.20 £ 035, 17.6 £ 1.0, 197 £0.09, 133 £0.12,
0.280 £ 0.013, and 0.381 £ 0.043 ppm for these ele-
ments, respectively. All metal concentrations were
expressed in milligrams per kilogram (mg kg™" or parts per
million [ppm]) of dry mass (dw) with an accuracy of two
decimal points.

Statistical Analyses

In the first step of our analysis, we described the habitat-
specific differences in concentrations of the seven trace
elements (Cr, Ni, Cd, Pb, Cu, Zn, and As) in eggshells of
Rooks breeding along an urbanisation gradient, i.e., vil-
lages, small towns and large cities, and between rural
rookeries (villages and small towns) and urban ones (large
cities), to illustrate the analogous habitat-specific gradient
of pollution. Because our earlier work on concentrations of
Cu, Zn, and As was focused on the differences between
rookeries in large cities and rural areas (i.e. pooled villages
and small towns; cf. Orlowski et al. 2010), here we provide
new data considering separately villages and small towns.
To test habitat-specific differences in the level of concen-
trations of the elements, we applied analysis of variance
(ANOVA) in the general linear model (StatSoft version
7.1., Tulsa, Oklahoma, USA) performed on log-trans-
formed data. Using the post hoc comparison (Least Sig-
nificant Difference test), we assessed the differences in
concentrations of the elements in eggshells among three
individual habitat types: villages, small towns, and large
cities. In general, the habitat-specific differences in the
concentrations of these elements were presented in our two
earlier works; however, these data differ from the findings
presented in this current work. The earlier presentations
were based on averaged data for rookeries, i.e., calculated
for two pooled concentrations of two separate eggshells
sampled in an individual breeding colony (cf. Orlowski
et al. 2010). In the present study, we compiled and com-
pared data for all of these elements simultaneously using a
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uniform method considering the concentration measured
within an individual eggshell as a separate data point.

The primary objective of our analysis was to test whe-
ther the pattern of relationships among the seven trace
elements along the urbanization/pollution gradient is fixed
or changes with the load of contaminants measured in
eggshells. To test this hypothesis, we created matrices of
relationships of various eggshell elements (Pearson corre-
lation coefficient on log-transformed data) from the three
individual habitat types, i.e., villages, small towns, and
large cities; rural areas; and all rookeries combined. In
view of the large number of statistical tests to control the
type 1 error rate for multiple comparisons, we presented
both the actual level of significance (to illustrate in detail
the results obtained) and the Bonferroni-adjusted threshold
of P < 0.01. Overall, the latter P value agrees with the
level of significance recommended for multiple compari-
sons (Chandler 1995).

Finally, in view of some earlier results, which suggested
that it was possible to determine the origins of some egg-
shell elements (i.e., natural = geochemical; anthropo-
genic = industrial, agricultural, or traffic related) based on
their grouping as a result of the application of principal
component analysis (PCA) (cf. Hashmi et al. 2013), we
wanted to reassess this approach for Rook eggshells from
various habitats. To test and identify the distribution and
potential mutual associations of individual eggshell ele-
ments resulting from various habitat-specific concentra-
tions, we performed five different PCAs using Statistica 7.0
software (StatSoft) on standardised log-transformed con-
centrations of eggshell elements across particular habitat
types/sets of rookeries: villages, small towns, large cities;
rural areas (villages and small towns), and all of the
rookeries. In PCA, we applied varimax-normalised factor
rotation. Factor loadings were used to interpret PC patterns
across different habitats. PCs with eigenvalue >1 were
considered to account for a significant contribution to the
total variance according to the latent root criterion (Hair
et al. 1998).

Results

Habitat-Specific Concentrations of Trace Elements
in Eggshells of Rooks

Concentrations of the seven trace elements in the eggshells
of Rooks breeding in rookeries in various rural and urban
areas of Poland (Fig. 1) are listed in Table 1. There were
significant differences in Cr, Ni, Pb, Cu, and Zn concen-
trations among eggshells from rookeries located in villages,
small towns, and large cities [ANOVA (cases degrees of
freedom (df) in all cases] =2 and 83; Cr: F = 11.6,
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P <0.0001; Ni F=55, P=0.005 Pb F=4.14,
P =0.019; Cu F =84, P=0.0005; and Zn F = 3.3,
P =0.043). Cd and As levels did not differ between
eggshells from these three habitat types (Cd F = 0.4,
P =0.683; As F = 2.8, P = 0.064). Similarly, the same
elements differed significantly between eggshells from
rural (villages and small towns pooled) and urban areas
(large cities). Overall, post hoc comparisons confirmed that
Cr, Ni, Pb, Cu, and Zn levels were significantly greater in
eggshells from large cities than from small towns and
villages, which indicates a clear effect of the urbanisation
gradient on the bioaccumulation of these elements in eggs
laid by female Rooks along a pollution gradient
(urban > rural area). Concentrations of eggshell elements
did not differ between small towns and villages, and only
the As concentration was significantly greater in small
towns than in large cities (P = 0.015) (Table 1).

Relationships Among Eggshell Trace Elements Along
the Urbanisation/Pollution Gradient

Overall, we found 10, 6, and 4 significant correlations
between the target trace elements in eggshells from rook-
eries located in villages, small towns, and large cities,
respectively. In addition, there were eight and nine such
correlations from eggshells from rural areas and all of the
rookeries taken together (Table 2). In the majority of cases,
the direction of all relationships found was to be positive
along the urbanisation/pollution gradient. As was an
exception, the concentration of which was negatively cor-
related with Ni and Cd levels in eggshells from small town
rookeries (where the highest As level was found), whereas
in eggshells from villages (with a lower As level), a posi-
tive relationship was found between As and Cd. The other
significant positive relationships with P < 0.05 can be
summarised as follows: for eggshells from villages they
were between Cr and Ni, Cd, Pb, Cu, and Zn; Ni and Cd;
Pb and Cu and Zn; and Cu and Zn. For eggshells from
small towns, they were between Cr and Cu; Ni and Cd and
Pb; and Cd and Pb. For eggshells from large cities/urban
rookeries, they were between Cr and Ni, Cd, and As; and
Ni and Cd. For eggshells from rural rookeries (pooled
villages and small towns), they were between Cr and Ni,
Cd, Cu, and Zn; Ni and Cd; Zn and Pb and Cu; and Pb and
Cu. Last, significant relationships for all eggshells were
found between Cr and Ni, Cd, Pb, Cu, and Zn; Ni and Cd
and Pb; Pb and Cd and Zn (Table 2).

PCA of the seven eggshell elements consistently yielded
three components with eigenvalues > 1 across all four
specified data sets of rookeries from various habitats,
which explained from 16 to 43 % of the variance, even
though there are slight differences in the grouping of some
elements and the direction of their association (Table 3).
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Table 2 Pearson correlation

Element Element
coefficients between various
(log-transformed) eggshell Ni Cd Pb Cu Zn As
elements in Rook C. frugilegus )
breeding in urban and rural Villages (n = 46 eggshells)
areas of Poland Cr 0.412%* 0.421%* 0.293* 0.342% 0.339* 0.116
Ni - 0.754 %% —0.053 —0.147 —0.065 0.029
Cd - - 0.108 —0.158 0.046 0.369*
Pb - - - 0.765%** 0.669%** —0.171
Cu - - - - 0.720%%* —0.210
Zn - - - - - 0.084
Small towns (n = 12)
Cr 0.550 0.324 -0.039 0.881#%* 0.028 —0.083
Ni - 0.915%%:* 0.700%* 0.466 —0.091 —0.572%
Cd - - 0.596* 0.152 —0.341 —0.778%**
Pb - - - 0.135 0.344 —0.280
Cu - - - - 0.407 0.003
Zn - - - - - 0.371
Rural areas (villages + small towns) (n = 58)
Cr 0.435%* 0.404** 0.247 0.389%#:* 0.294* 0.069
Ni - 0.777%%:* 0.051 —0.071 —0.069 —0.052
Cd - - 0.162 —0.126 —0.001 0.228
Pb - - - 0.710%** 0.635%** —0.176
Cu - - - - 0.686%** —0.163
Zn - - - - - 0.108
Urban areas (large cities) (n = 28)
Cr 0.421%* 0.261 —0.022 —0.065 0.543%* 0.484#*
Ni - 0.909%#:* 0.290 —0.122 0.004 —0.156
Cd - - 0.351 —0.123 —0.145 —0.096
Pb - - - —0.132 —-0.119 —0.097
Cu - - - - —0.184 —0.054
Zn - - - - - 0.120
All rookeries (n = 86)
Cr 0.517%%* 0.345%%* 0.218* 0.227* 0.449%#%* 0.103
Differences after sequential Ni - 0.808:# 0.259% 0.066 0.055 —0.134
Bonferroni adjustment for cd - - 0.285%%  —0.057 ~0.033 0.081
P < 0.01 are given in bold text
Pb - - - 0.104 0.258%* —0.160
* P <0.05
Cu - - - - 0.135 —0.120
*## P < 0.01
Zn - - - - - 0.065
#E P < 0.001

precipitation in calcified tissues (Wada et al. 1995; Parsie-
gla and Katz 1999). Some of these elements—such as Zn,
Ni, and Cu—are known to be bound by phosphate minerals
in their structure (cf. Rodriguez-Navarro et al. 2002).
Moreover, the part played by biochemical interaction
between the different elements, including some negative
associations between essential and nonessential ones (such
as the negative correlation between Cr and Cd cited in the
Introduction; Skalicka et al. 2008) may be masked in the
case of their intensive sequestration along the Ca binding in
eggshells. Because we found a predominantly positive
direction of relationships between the seven elements, such
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a generally superior role of minerals in the precipitation of
trace elements in eggshells and in shaping the direction of
interactions among them is possible. Interestingly, despite
the lack of habitat-specific differences in eggshell levels of
Cd, this element exhibited relatively large and significant
correlations (as with Pb) loaded with other elements (pri-
marily with Ni) as the principal component. Therefore,
concluding our study in a broad ecotoxicological sense, our
findings confirm the earlier assumption that for female
birds, the laying of eggs is a way of excreting surplus
supplies of certain elements, including toxic metals (Burger
1994).
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Table 3 Component values and factor loadings of PCA of different Table 3 continued
elements in Rook C. frugilegus eggshells from rural and urban areas -
of Poland factor rotation varimax normalised Element AXis
Element Axis PCl PC2 PC3
PC1 PC2 PC3 Zn 0.044 0.850 —0.037
] As 0.010 0.192 —0.880
Villages :
Eigenvalue 2.11 1.60 1.21
Cr 0.442 0.639 0.077 L. .
. Variation explained (%) 30 23 17
Ni —0.140 0.928 —0.110
cd —0.025 0.908 0.297 Bold test indicates the variable for which each factor exhibited the
Pb 0.875 0.082 _0.136 greatest variability
Cu 0.919 —0.074 —0.176
Zn 0.883 0.018 0.189 In contrast, because we found that eggshells with the
As —0.069 0.113 —0.978 highest load of contaminants (i.e., from urban rookeries)
Eigenvalue 2.61 2.07 1.15 showed fewer significant relationships than eggshells from
Variation explained (%) 37 30 16 villages, small towns, or rural areas, this might suggest an
Small towns inhibitory effect on the part of elements present in greater
Cr 0.162 0.975 -0.097 concentrations, i.e., Cr, Ni, Cu, and As, on the uptake of
Ni 0.882 0.416 0.138 other elements at lower levels. Such an explanation is in
cd 0.974 0.148 —0.107 agreement with some other studies, which have shown that
Pb 0.701 —0.095 0.680 the uptake and concentration of an individual element, such
Cu 0.065 0.942 0273 as As, Cr, or Cd, could be highly dependent not only on the
7Zn —0.275 0.175 0.897 presence but also on the level of some other trace elements,
As —0.807 0.036 0.307 which may change the direction of their interaction from
Eigenvalue 208 207 1.48 synergistic to antagonistic at high levels (cf. Bae et al.
Variation explained (%) 43 30 21 2001). In our case, such a possibility exists especially in the
Large cities case of As, which alone showed divergent findings: A
Cr —0341 0.889 ~0019 negative correlation with Ni and Cd (found in small towns
Ni —0.954 0119 —0.021 for the highest As eggshell level). Furthermore, As dis-
cd —0.956 —0.005 0.010 played a variable and opposite direction in PCA loading
Pb —0.495 —0279 _0307 (cf. Table 3). In conclusion, it seems that our findings
Cu 0.081 —0.044 0.905 could also illustrate a general trend of trace-element
Zn 0.129 0.677 _o4]0  Interaction from ’synerglsm (gt lower an'd intermediate
As 0.142 0.685 0121 levels) to antagonism as levels increase, which may be due
) ’ ’ ’ to homeostatic mechanisms in response to low levels of
Eigenvalue 2.23 1.81 1.10 .
. . inhibitory challenge (Bae et al. 2001).
Variation explained (%) 32 26 16 . . .
) Interestingly, the concentration of As in eggshells from
Rural areas (villages + small towns) . ..
small towns was greater than in large cities, a result that
Cr —0.428 0.625 0.086 . . .
could not be obtained in our earlier work because the rook-
Ni 0.085 0.928 —0.138 . .
eries from small towns were not been separated in the anal-
Cd 0.038 0.908 0.178 . . .
yses (cf. Ortowski et al. 2010). The high concentration of As
Pb —0.841 0.132 —0.176 . . . . .
possibly resulted from the high intensity of agriculture
Cu —0.915 —0.038 —0.138  around small towns. Intensively managed large-scale arable
Zn —0.873 —0.023 0.219 fields commonly adjoin these towns and are the main for-
A‘S 0.061 0.064 0.981 aging grounds of the Rooks during the breeding season. In
Eigenvalue 250 2.10 112 contrast, Rooks breeding in large cities feed in more differ-
Variation explained (%) 36 30 16 entiated habitats, including crop-free sites (without appli-
All rookeries cation of agrochemicals), such as the urban lawns near
Cr —0.486 0.703 —0.077 rookeries (unpublished data). In contrast, the lack of signif-
Ni —0.927 0.098 0.132 icant differences in concentrations of all of the examined
Cd —0.939 —0.032 —0.070  elements in eggshells from small towns and villages
Pb —0.351 0.337 0.431 (Table 1) suggests a similar level of agriculture and similar
Cu 0.103 0.470 0.466

sources and intensity of bioaccumulation of contaminants in
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Rook populations in both of these environments. Finally, it
should borne in mind that the varying number of significant
correlations in specific habitats or data sets could have
resulted partly from the different sample sizes of eggshells
from these sites (Table 2). Such a potential constraint,
however, did not change the overall positive direction of
interactions between the eggshell elements.

Variable or competitive interactions among the eggshell
trace elements as an effect of their different levels were
also illustrated by PCA. Overall, the majority of extracted
PCs (Table 3) agree with the previous correlations between
individual elements because subsequent PC scores con-
sisted primarily of highly correlated elements (cf. Table 2).
In our opinion, such variable groupings of eggshell ele-
ments across different habitats suggest that the potential
identification of sources of contaminations by trace metals,
e.g., from geochemical, industrial, or agriculture-related
processes or origins (cf. Hashmi et al. 2013) is not effective
because the results of a statistical analysis (which only deal
with concentrations of individual elements) do not always
indicate a cause-effect relation.

Relationships Between Various Trace Elements
in Eggshells: Comparison With Other Studies
and Potential Sources of Variation

To illustrate the potential biochemical or ecotoxicological
consequences of high levels of the seven trace elements ana-
lysed in our samples, they should be compared with the results
of related studies on elemental interaction in avian eggshells.
For Herring Gulls Larus argentatus and Roseate Terns Sterna
dougallii breeding on the Atlantic Coast of the eastern United
States, with an apparently lower eggshell levels of Pb (3 and
11 times lower, respectively, than in all of the eggshells ana-
lysed in our study), Cd (10 and 5 times lower), and Cr (4 and 8
times lower), Burger (1994) did not find any significant rela-
tionship for these three trace elements.

Similarly, in eggshells of Audouin’s Gulls from the Ebro
Delta, southern Spain, with ~2-4 times lower Zn and Cu
levels, and Pb and Cd lower than the limit of detection
(i.e. <0.05 and <0.005 ppm dw), Morera et al. (1997) did
not obtain any significant correlations for these four trace
elements. In contrast, the Clapper Rail eggshells examined
by Rodriguez-Navarro et al. (2002), with generally lower
levels of Cu, Zn, As, Pb, and Cd than in our samples,
although with signs of thinning probably due to increased
Hg levels, showed only one significant (negative) correla-
tion between Zn and Pb.

More recently, Hashmi et al. (2013) analysed the inter-
actions of six trace elements (Cu, Ni, Pb, Cr, Cd, and Zn) in
eggshells of Cattle Egrets Bubulcus ibis and Little Egrets
Egretta garzetta from eastern Pakistan. In those eggshells,
average levels of Pb, Cd, and Zn was comparable with or
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even greater than in our samples. That study, however, used
different species and site differences linked to local land-use
types; moreover, the concentrations of three other elements
(Cu, Ni, and Cr) were apparently lower than in our samples.
Considering the data pooled across all sites and species, these
investigators obtained only two significant interactions: one
negative (Cu and Cd) and one positive (Pb and Ni).

Comparing our findings with those presented above, we
can state that at lower or baseline levels, interactions
between trace elements in eggshells are of a neutral char-
acter. In this sense, such a statement stands in agreement
with the concept of additivity (i.e., no visible trend in the
direction of interaction) of chemical elements, which is
operative at low-level exposures to chemical mixtures
(Svendsgaard and Hertzberg 1994; cf. Bae et al. 2001 and
Discussion). Furthermore, the rather few cases of signifi-
cant relationships between different eggshell trace ele-
ments in published sources can also be explained partly by
the pooling of samples with various levels of elements
resulting from species or habitat differences. This may
imply that relationships between different elements in
eggshells should be determined for relatively homogeneous
samples/habitats; such an approach would yield biologi-
cally/ecologically relevant results.

In conclusion, at lower and intermediate levels, interactions
between these trace elements in Rook eggshells are of a syn-
ergistic character and appear to operate as their parallel
coaccumulation. A habitat-specific excess of some elements
(primarily Cr, Ni, Cu, and As) suggests their more competi-
tively selective sequestration. Because the combined effect of
a pair or a few trace/toxic metals may be quite different from
that of individual pollutants as a result of the interactions
between them (e.g., Zhou et al. 2006), further studies are
urgently needed of the mechanism of chemical and physio-
logical interactions and the effects of high levels of anthro-
pogenic elements or their mixtures on calcified tissues and
bird eggs, including eggshell properties in Rooks and other
agricultural birds or species from contaminated environments.
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