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Abstract
Urbanization, industrialization, and intensification of agriculture have led to considerable heavy metal pollution across 
the globe, harming our ecosystems. Concentrations of arsenic (As), cadmium (Cd), copper (Cu), and lead (Pb) have been 
analysed in 249 eggshells collected between 2006 and 2021 from 83 female Common Cranes (Grus grus) nesting within 
north-eastern Germany. Information on the presence of trace elements in cranes from Europe and their potential adverse 
effects on the reproduction are largely missing. Only Cu and Pb were found to be present in eggshell samples. Levels of both 
metals did not exceed concentrations considered potentially toxic in birds and unhatched eggs did not contain higher metal 
concentrations compared to eggshell residues from hatched eggs. Statistical analysis revealed that trace element concentra-
tions decreased significantly over the course of the study period. The ban of leaded gasoline in the early twenty-first century 
and strict limitations of heavy metal-based biocontrol products are likely responsible for this decrease over the years. How-
ever, as Cu levels gradually increase with increasing proportions of agricultural areas within the cranes’ home ranges, we 
suggest that considerable amounts of Cu originating from agricultural practises are still being released into the environment. 
We found no increase in metal concentrations in eggshells with increasing female age, suggesting that heavy metals do not 
accumulate in the circulatory systems of the adults over time. This study is the first to assess heavy metal contamination in 
Common Cranes and indicates the suitability of crane’s eggshells as bioindicator for monitoring environmental pollution.
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Zusammenfassung
Schwermetallrückstände in Eischalen Eurasischer Kraniche ( Grus grus) aus einer landwirtschaftlich geprägten 
Region Nordostdeutschlands.
Urbanisierung, Industrialisierung und die Intensivierung der Landwirtschaft haben weltweit maßgeblich zur Belastung und 
Schädigung unserer Ökosysteme durch Schwermetallrückstände beigetragen. In 249 Eischalenresten von 83 verschiedenen 
Weibchen des Eurasischen Kranichs (Grus grus) aus dem Zeitraum von 2006 bis 2021 wurden Rückstände von Arsen (As), 
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Cadmium (Cd), Kupfer (Cu) und Blei (Pb) analysiert. Informationen bezüglich einer möglichen Kontamination der Art in 
Europa mit den untersuchten Schwermetallen sowie deren mögliche negative Auswirkungen auf den Reproduktionserfolg 
fehlen bisher. Im Rahmen der Analysen wurden in den Eischalen nur Rückstände der beiden Elemente Cu und Pb festgestellt. 
Gemessene Konzentrationen lagen jedoch unter jenen, welche für Vögel als potenziell toxisch gelten. Eischalen fauler Eier 
enthielten keine signifikant höheren Metallkonzentrationen verglichen mit Eischalenresten geschlüpfter Eier. Die statistische 
Auswertung zeigte, dass die Konzentrationen der nachgewiesenen Spurenelemente im Lauf des Untersuchungszeitraumes 
signifikant abgenommen haben. Ursächlich hierfür könnte, neben dem Verbot bleihaltigen Benzins im frühen 21. 
Jahrhundert, die generelle Limitierung von auf Schwermetallen basierenden Pestiziden sein. Allerdings weisen steigende 
Cu-Konzentrationen mit zunehmendem Anteil landwirtschaftlich genutzter Flächen im Aktionsraum eines Kranichpaares 
darauf hin, dass noch immer nicht zu vernachlässigende Kupfereinträge in die Umwelt im Rahmen der landwirtschaftlichen 
Praxis stattfinden. Hinweise, dass die Konzentrationen von Schwermetallen in Eischalen mit zunehmendem Alter der 
Weibchen steigen, wurden nicht gefunden. Dies legt nahe, dass Schwermetalle wie Cu und Pb mit der Zeit nicht im 
Kreislaufsystem adulter Tiere akkumulieren. Diese Studie befasste sich als erste mit der möglichen physiologischen Belastung 
Eurasischer Kraniche durch potenziell toxische Schwermetallrückstände und zeigt die Eignung von Kranicheischalen als 
Bioindikatoren für Umweltveränderungen.

Introduction

Increasing industrialisation, mining activities, and intensive 
agriculture cause environmental pollution putting our eco-
systems and biodiversity at risk (Rajput et al. 2017; Morin-
Crini et al. 2022). Toxic heavy metals form a significant 
proportion of pollutants contaminating our environment 
(Tumanyan et al. 2020). Pollutants are directly released 
into the environment by applying fertilizers or pesticides 
in agriculture or via waste waters and gas emissions (Fuchs 
et al. 2010; Kraus and Römer 2019). In addition, traffic rep-
resents a major source of emission of lead (Pb) and copper 
(Cu). Despite the reduction of lead additives for gasoline 
in Europe starting in the 1980s, leaded gasoline continued 
to be used by several European countries until 2002 and 
material abrasion still causes Pb and Cu to be released into 
the environment (Penkała et al. 2018). Heavy metals such 
as mercury (Hg), selenium (Se), cadmium (Cd) or arsenic 
(As) are mainly emitted during industrial processes (Ger-
man Environment Agency 2023). However, traces of Cu, 
Cd, Pb, and Se are also found in pesticides, fertilizers or 
food supplements for livestock farming (e.g., Sager 2006; 
Brandt et al. 2010; Kumar and Yaashikaa 2019). Environ-
mental contamination, with non-essential elements in par-
ticular, is higher within areas showing high human activity 
(Ruuskanen et al. 2014; Chen et al. 2016). Whereas highest 
environmental contamination with Cd is associated with 
waste and sewage disposal facilities, Cu and Pb levels are 
considerably elevated in regions dominated by intensive 
agriculture (Ruuskanen et al. 2014; Chen et al. 2016).

These substances accumulate in the environment over 
time, and being inhaled, ingested, or taken up by plants 
consequently accumulate in the food web (e.g., Franson 
and Pain 2011; Wayland and Scheuhammer 2011; Tuman-
yan et al. 2020). Facing climate change, the effects of envi-
ronmental conditions in terms of temperature changes or 
changes of water availability on the heavy metal uptake by 

plants and animals should be considered. Whereas few stud-
ies on element availability in the environment in relation 
to abiotic and geochemical parameters exist (e.g., Urbina 
et al. 2015; Costa et al. 2020), studies focusing on differ-
ences in heavy metal presence in organisms under changing 
environmental conditions are missing. High levels of non-
essential metal elements were found to cause physiological 
dysfunction or reduced reproductive success and survival in 
different bird species (e.g., Spahn and Sherry 1999; Zhang 
and Ma 2011; Almalki et al. 2019). Extensive knowledge of 
a species biology and ecology are essential to analyse and 
truly understand the effects of trace elements on an organ-
ism (Furness 1993). Especially Pb and Cd, but also Cu and 
Se, have been linked to reduced reproductive performances 
in birds (Spallholz and Hoffman 2002; Kertész et al. 2006) 
and changes in egg morphology have been related to the 
presence of heavy metals (e.g., Gonzales and Hiraldo 1988). 
However, the minority of studies investigated contaminant 
exposure and variables affecting heavy metal levels in free-
ranging birds (Brown et al. 2018).

Top-level predators and long-living species are consid-
ered particularly vulnerable to negative effects of heavy met-
als (Rattner 2009). However, studies on the bioaccumulation 
of trace elements in tissues of birds over time are largely 
missing, even though Gochfeld et al. (1996) found that metal 
concentrations in different tissues of Laughing Gulls (Larus 
atricilla) increased with increasing age. The most common 
heavy metal contamination source in raptors is lead poi-
soning through the ingestion of leaded ammunition. Less 
specialised omnivorous species such as cranes are not only 
exposed to leaded ammunition as well (e.g., Teraoka et al. 
2007), but experience heavy metal contamination through 
accumulation of trace elements from various sources of 
environmental pollution (Monclús et al. 2020). Agricultural 
activities were found to be linked to increases in heavy metal 
concentrations in ditch and riparian wetlands in China (Jiao 
et al. 2014). Therefore, cranes nesting within habitats in 
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agricultural fields could be exposed to higher doses of trace 
elements compared to individuals nesting within more natu-
ral habitats, e.g., within forested areas. Considering this, and 
because of their territoriality and high nesting site fidelity 
(Mewes 2017), cranes are particularly suitable to be exposed 
to trace elements and its effects within certain areas.

Within the family Gruidae studies on heavy metal con-
tamination mainly focused on endangered species, such 
as Red-crowned Cranes (Grus japonensis; Luo et al. 2013 
[feathers, feces]; Luo et al. 2016 [eggshells]) or Whoop-
ing Cranes (Grus americana; Lewis et al. 1992 [soft tis-
sues and egg content]). Information on the status and the 
effects of trace elements on less endangered crane species, 
especially from Europe, are lacking. Due to increasing popu-
lation numbers, Common Cranes (Grus grus) have shown 
high flexibility in the use of nesting habitats. Whereas Com-
mon Cranes were formerly known to prefer forested areas 
and rather remote mire complexes for nesting, part of the 
German population displayed a shift from wooded habitats 
into the open landscape (Mewes 2010). Since 1996, the 
proportion of cranes nesting within agricultural landscapes 
has increased from 8.0% to more than 30.0%. According to 
numerous studies linking heavy metal pollution to agricul-
tural activities (e.g., Kumar and Yaashikaa 2019), it has to be 
considered that cranes populating intensively used agricul-
tural areas might suffer from elevated levels of heavy metal 
contamination, causing physiological stress. To assess the 
status of heavy metal contamination of Common Cranes in 
north-eastern Germany, we conducted heavy metal analyses 
of eggshell residues. The crane breeding population within 
our study area has been monitored extensively for more than 
30 years, including the collection of eggshell residues and 
recording of the reproductive history of single females for 
up to 30 years.

Using avian eggshells and feathers for trace element anal-
yses has been gaining great attention over the last decades. 
Collecting eggshell fragments or moulted feathers represents 
a non-invasive method enabling large sample sizes from 
free ranging individuals. Despite potential effects of heavy 
metals on the reproductive success of a species, individual 
birds, their eggshells, and feathers may also function as bio-
monitors of environmental pollution (Zhang and Ma 2011; 
Ashkoo et al. 2020; Lin et al. 2021). Eggshell and feather 
formation are known to function as excretion systems for 
environmental contaminants in birds, such as heavy metals 
(Burger 1994; Martínez et al. 2012). Our study is the first to 
assess heavy metal content in eggshells of Common Cranes. 
To gain a wide overview on the effect of trace elements in 
cranes in northern Germany we included individual-based 
variables, e.g., nesting habitat or age, as well as environ-
mental variables, e.g., landscape composition and weather 
parameters, in our analyses.

The main objectives of our study were (1) to assess 
changes in heavy metal content of eggshells over the last 
15 years (As, Cd, Cu, Pb); (2) to determine whether heavy 
metal concentrations are higher in eggshells from nesting 
habitats surrounded by intensively used agricultural fields; 
(3) to determine whether metal concentrations vary accord-
ing to the landscape composition of cranes´ home ranges; 
(4) to analyse if metal concentrations in eggshells increase 
with female age; (5) to determine if eggshells of unhatched 
eggs show higher metal concentrations, and (6) to investigate 
the effects of weather parameters on metal concentrations 
in eggshells.

Materials and methods

Study area

The study area Goldberg is part of the German Northern 
Lowland and comprises a region in the southern part of the 
German state of Mecklenburg–Western Pomerania extend-
ing from the Plauer See in the East (53° 29′ 27.8″ N 12° 16′ 
51.9″ E) to the city of Parchim in the West (53° 25′ 45.9″ N 
11° 50′ 45.7″ E, Fig. 1A). The study area consists of agricul-
tural fields (66.3%), scattered woodland areas (13.8%), and 
grasslands (11.0%). The remaining 8.9% comprise a variety 
of water bodies, such as rivers, lakes, swamps, and different 
kinds of pothole wetlands (Mewes 2014). Annual precipi-
tation ranges from 591.0 to 639.2 mm and annual average 
temperature from 8.8 to 9.0 °C (Waren [Müritz]/Schwerin, 
German Meteorological Service DWD 2018).

Sample collection

Collection of eggshell remains was part of an extensive 
breeding site monitoring and each year took place several 
days after juveniles had hatched and crane families were 
not present at the nesting sites to avoid disturbance. Since 
only small eggshell pieces were collected from the nests 
it was not possible to determine from which region of the 
egg the fragments came from. In addition, unhatched and 
addled eggs (n = 35), hereafter referred to as addled eggs in 
general, were collected as well, after having ensured that no 
chick will hatch. This was the case when either chicks did 
not hatch after 35–40 days of incubation or the egg had a 
foul smell. After collecting the samples, addled eggs were 
opened and the egg content was removed. Obvious dirt par-
ticles as well as inner shell membranes were removed from 
eggshells using deionised water. Eggshell remains were fully 
dried and stored under dry conditions. 249 samples, col-
lected between 2006 and 2021, were selected to be included 
in the heavy metal analyses.
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Element analysis

Dry eggshell material (0.5 g) was dissolved in high-purity 
nitric acid (1.0 ml HNO3, ROTIPURAN®, 65%) and incu-
bated for 24 h at 110 °C. Afterwards, dissolved eggshells 
were diluted 1:10 with high-purity water. Graphite Furnace 
Atomic Absorption Spectrometry (GF-AAS, Analytik Jena 
contra700, Jena, Germany) was used to determine heavy 
metal contents. Elements analysed included As, Cd, Cu, 
and Pb. Low, medium, and high concentrations, exact con-
centrations and range depending on the limit of quantifica-
tion of each element, were chosen for the calibration curves. 
The measurement process was validated by determining 
recovery rates from the biological matrix using a spik-
ing technique as described by Ullah et al. (2017). Defined 
amounts of each element were added to eggshell material 
before processing. Heavy metal concentrations of spiked 
samples were measured and recovery rates determined. 
Average recovery rates ranged from 97 to 102%. Limits of 
detection (LOD) have been calculated for each trace ele-
ment according to the formula  LOD =

3.3σ

S
 (σ = standard 

deviation of response; S = slope of the calibration curve; ICH 
guideline Q2 [R2] 2022). LOD for As, Cd, Cu, and Pb were 
7.1 µg L−1 (0.007 ppm), 2.8 µg L−1 (0.002 ppm), 4.4 µg L−1 
(0.004 ppm), and 1.1 µg L−1 (0.001 ppm), respectively. All 
samples were measured in batches that included blanks and 
a standard calibration curve. Three replicates of each sam-
ple were measured for process validation. In case relative 
standard deviations (RSDs) exceeded 10%, single outliers 
of extinction values were removed or the measurement was 
repeated. Element concentrations were reported in parts per 
million (ppm) of dry weight (dw).

Additional parameters

Additional data collected in the field included habitat 
parameters and exact nest locations. Habitats were catego-
rized according to their position in the landscape (‘wood-
land’, ‘open landscape’ or ‘intermediate habitats’ located in 
between), hereafter referred to as habitat location (HLoca-
tion), as well as habitat type (HType) and dominant veg-
etation (DVegetation). Nesting sites could be assigned to 
eight different habitat types, including ‘abandoned mean-
ders’, ‘silted ponds’, ‘marshy meadows’, ‘mire complexes’, 
‘pothole wetlands on farmland’, ‘pothole wetlands on 
grassland’, ‘forest potholes’, and ‘swamp forests’. Veg-
etation types included habitats dominated by either Alnus 
glutinosa, Carex spec., Juncus spec., Phragmites australis, 
Typha spec., Salix cinerea, mixed vegetation, or others. 
Nest locations were assigned a position along a longitudi-
nal west–east (WE-gradient) and latitudinal south–north 
gradient (SN-gradient) to analyse effects of a gradually 
changing landscape composition. To analyse the effect of 
landscape composition we defined an average home range 
of two kilometers around each nesting site (Fig. 1A, B). 
Using QGIS (Version 3.4.15) evenly distributed points 
(every 50 m) were created for each action scope. The lat-
est mapping of biotopes and land use parameters provided 
by the’Landesamt für Umwelt, Naturschutz und Geologie’ 
(LUNG) was used to extract biotope information for each 
point. Generated data were used to calculate proportional 
landscape composition of each action scope surrounding a 
nesting site (Fig. 1B). Identified biotopes were summarized 
into the following categories: Agriculture (includes crop, 
fruit and vegetable cultivation), Infrastructure (includes 
streets, railroads, settlements, single buildings, economic 

Fig. 1   A Distribution of sampling sites across the study area ‘Gold-
berg’, including defined home ranges. B Example of one nesting site 
and defined home range, including the latest mapping of biotopes and 

land use parameters, on which the analyses of landscape composi-
tions are based on (LUNG 2010)
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facilities, hydro-engineering installations, supply and dis-
posal facilities, agricultural storage areas etc.), Water (lakes, 
rivers, streams, mires, pothole wetlands, ditches, temporary 
and permanent smaller water bodies etc.), Grassland (grass-
lands, wet grasslands, dry grasslands, pastures) and Forest 
(mixed forests, coniferous forests, deciduous forests, copses, 
hedges, single trees, groves).

Weather parameters were provided by the German Mete-
orological Service (DWD, Deutscher Wetterdienst). Vari-
ables considered included the Coldsum of the preceding 
winter—a measurement to account for the harshness of a 
winter, the total amount of Precipitation prior to the breed-
ing season (November–April in millimeters) and the total 
amount of Sunshine duration during the breeding season 
(March–May in hours).

Applying methods established by Mewes and Rauch 
(2010), Schmitz Ornés et al. (2014), and Höltje et al. (2016) 
we were able to assign clutches to specific females based on 
morphological features of the eggs. On average, Common 
Cranes start reproduction at the age of 4 years (Prange et al. 
2016). In addition to that, constant comprehensive nesting 
site monitoring and high nesting site fidelity (Mewes 2017) 
enabled age estimations and the recording of reproductive 
history of single female cranes for up to 30 years. Because 
most individuals are not marked, age can not be known 
exactly, but females appearing for the first time were esti-
mated to be 4 years at that time.

Statistical analyses

Statistical analyses were performed using R (R Core 
Team, Version 4.1.3) and RStudio (Version 2022.02.0) 
assigning significance at p values ≤ 0.05. Packages used 
included ‘lme4’ (Bates et al. 2015), ‘car’ (Fox and Weis-
berg 2019) and ‘performance’ (Lüdecke et al. 2021). We 
applied generalized linear mixed models (GLMM) for 
each element separately, specifying a gamma error dis-
tribution and log link function to analyse effects of habi-
tat parameters, weather parameters, and individual-based 
parameters on heavy metal concentrations of eggshells. 
Since the data set included repeated measures from the 
same individuals the variable Female was included as 
random factor. Following Martín-Fernández et al. (2003) 
zero-values were replaced with 65% of the detection limit, 
since proportions of measurements below LOD were 
fairly low (< 5%). Models were built step by step, elimi-
nating non-significant variables to avoid collinearities. 
Model selection was based on the Akaike’ information 
criterion (AIC). Spearman's rank correlation was applied 
to test for relationships between landscape composition 
and longitudinal or latitudinal gradients, respectively. 
Due to collinearity issues and small sample sizes for sin-
gle habitat types, the variable HType was not included 

in final models. The same holds for the variable Forest 
which is part of the biotopes used for the assessment of 
landscape composition.

Results

Out of 249 egg shell samples almost all contained Cu and 
Pb but neither As nor Cd could be detected in any of the 
samples analysed (Fig. 2). Therefore, no statistical analyses 
were applied for the elements As and Cd.

Parameter correlations

The amount of Cu and Pb in eggshells was found to be 
weakly correlated (Table 1). Results of correlation analyses 
of landscape compositions and longitudinal and latitudi-
nal gradients, respectively, suggested an increasing pres-
ence of waterbodies along the WE-gradient (Table 1) and 
a decreasing presence of agricultural areas from south to 
north (Table 1). Other landscape components were not or 
only weakly correlated with the longitudinal and latitudinal 
gradients. Based on this, we assumed landscape composition 
to change along the SN-gradient from higher human impact 
(greater proportion of agriculture) in the south towards more 
natural areas with less human impact in the northern part of 
the study area.

Copper

On average, eggshells of Common Cranes from our study 
area contained 0.910  ppm copper, ranging from below 
detection limit (ND) to 6.976 ppm. In eight samples no 
copper could be detected. Concentrations of Cu decreased 
significantly over the years (Fig. 3; GLMM, Est. = − 0.105, 

Fig. 2   Concentrations of copper (A) and lead (B) found in eggshells 
of Common Cranes nesting in north-eastern Germany (n = 249)



512	 Journal of Ornithology (2024) 165:507–520

1 3

SE = 8.75e−05, p < 0.001). Highest element levels were 
detected in samples from 2008 (6.98  ppm) and 2009 
(5.43  ppm; Fig.  3A). Individual-based factors Age and 
Clutch were found to have no effect on Cu concentrations 
(Table 2) and no difference was found between eggshells 
from unhatched addled and post-hatched eggs (Fig. 3B, 
Table 2). Weakly significant effects of Dominant vegeta-
tion are negligibly. Concentrations seem to be higher in 
eggshells from nesting sites dominated by Juncus spec. 
(GLMM, Est. = − 1.286, SE = 0.588, p = 0.029), but the 
number of corresponding nesting sites is very low (n = 2), 

and therefore, results are not considered reliable. Single 
parameters of landscape composition had no effect on Cu 
concentrations but concentrations of Cu change along the 
SN-gradient. Concentrations are lower in samples from nest-
ing sites located farther north (GLMM, Est. = − 2.3e−03, 
SE = 1.02e−03, p = 0.027). Concerning weather parameters 
only the harshness of the preceding winter was found to 
affect concentrations of Cu in the eggshells (Fig. 4). Element 
concentrations were found to be particularly low after strong 
winters (Fig. 4; GLMM, Est. = − 3.3e−03, SE = 6.68e−04, 
p < 0.001).

Table 1   Results of correlations 
analysis of metals, as well as 
of landscape compounds, and 
abiotic factors included in 
model analyses

Variables p ρ Correlation

Cu + Pb 3.613e−04*** 0.224 Weak correlation
Coldsum + precipitation 0.0346* − 0.138 No/negligible correlation
Agriculture + SN-gradient 1.385e−09*** − 0.373 Moderate correlation
Agriculture + WE-gradient 0.6821 − 0.026 No/negligible correlation
Infrastructure + SN-gradient 0.02982* − 0.138 No/negligible correlation
Infrastructure + WE-gradient 4.49e−06*** 0.286 Weak correlation
Water + SN-gradient 1.461e−05*** − 0.271 Weak correlation
Water + WE-gradient  < 2.2e−16*** 0.782 Very strong
Grassland + SN-gradient 5.637e−06*** 0.283 Weak correlation
Grassland + WE-gradient 1.271e−04*** − 0.240 Weak correlation
Forest + SN-gradient 2.927e−05*** 0.262 Weak correlation
Forest + WE-gradient 3.074e−05*** − 0.261 Weak correlation

Fig. 3   Comparisons of copper concentrations found in eggshells of Common Cranes from north-eastern Germany grouped according to the Year 
the eggs were laid in (A), whether eggshells came from addled or hatched eggs (B) and the Dominant vegetation at the nesting site (C)
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Lead

On average, eggshells of Common Cranes from our 
study area contained 0.092 ppm lead, ranging from ND 

to 0.755 ppm. Twelve samples did not contain lead con-
centrations above the detection limit. Concentrations 
of Pb decreased significantly over the years (GLMM, 
Est. = − 0.015, SE = 3.82e−04, p < 0.001). However, the 

Table 2   Results of the final 
GLMMs analysing effects of 
studied predictor variables 
on the heavy metal content of 
eggshells in Common Cranes, 
including the variable ‘female’ 
as random factor (n = 249, 
R2

Cu = 0.253, R2
Pb = 0.310)

Year: 2006 (n = 1), 2007 (n = 1), 2008 (n = 4), 2009 (n = 58), 2010 (n = 45), 2011 (n = 17), 2012 (n = 19), 
2013 (n = 19), 2014 (n = 7), 2015 (n = 18), 2016 (n = 13), 2017 (n = 19), 2018 (n = 9), 2019 (n = 2), 2020 
(n = 5), 2021 (n = 12), Female age: 4 (n = 32), 5 (n = 15), 6 (n = 14), 7 (n = 20), 8 (n = 27), 9 (n = 17), 10 
(n = 23), 11 (n = 18), 12 (n = 18), 13 (n = 14), 14 (n = 12), 15 (n = 9), 16 (n = 6), 17 (n = 3), 18 (n = 2), 19 
(n = 5), 20 (n = 4), 21 (n = 1), 22 (n = 4), 23 (n = 2), 24 (n = 2), 26 (n = 1)
Clutch: FC (n = 208), RC (n = 39), na (n = 2)
HLocation: woodland (n = 121), open-landscape (n = 59), intermediate habitats (n = 69)
DVegetation: Alnus glutinosa (n = 24), Carex spec. (n = 74), Juncus spec. (n = 2), Phragmites australis 
(n = 48), Typha spec. (n = 15), Salix cinerea (n = 14), mixed vegetation (n = 56), other (n = 13)
Addled: addled (n = 35), post hatched or predated (n = 214)

Cu Pb

F χ2 df p F χ2 df p

Year 25.097 14.3e + 05 1  < 2.2e−16*** 4.378 16.4e + 02 1  < 2.2e−16***
Female age 0.723 1.411 1 0.235 2.644 4.467 1 0.035*
Clutch 0.933 2.511 2 0.285 0.092 0.080 2 0.777
HLocation 0.361 0.641 2 0.726 0.833 3.864 2 0.145
DVegetation 1.943 12.972 7 0.073 2.582 11.555 7 0.073
Addled (yes/no) 0.591 0.187 1 0.665 0.153 0.027 1 0.868
Precipitation 7.492 2.321 1 0.128 10.060 8.1042 1 0.004**
Coldsum 23.342 24.055 1 9.3e−07*** 0.050 0.228 1 0.633
Sunshine 0.374 0.694 1 0.405 1.388 1.787 1 0.181
Infrastructure 0.058 0.3200 1 0.572 1.631 3.057 1 0.081
Agriculture 1.033 0.663 1 0.416 0.002 1.181 1 0.277
Water bodies 0.871 2.2844 1 0.131 0.993 0.822 1 0.365
Grassland 1.219 1.695 1 0.193 0.544 0.398 1 0.528
WE-gradient 0.417 2.111 1 0.146 0.045 0.001e−01 1 0.993
SN-gradient 6.060 4.917 1 0.026* 0.731 0.587 1 0.444

Fig. 4   Copper concentrations in eggshells of Common Cranes from north-eastern Germany in relation to weather parameters Precipitation prior 
to the breeding season (A), Coldsum of the preceeding winter (B) and total amount Sunshine duration during breeding season (C)
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highest concentration of Pb was detected in a sample 
from 2015 (0.76 ppm; Fig. 5A). Surprisingly, levels of 
Pb in eggshells were found to decrease with increasing 
female age (Est. = − 5.51e−02, SE = 2.61e−02, p = 0.035). 
Individual-based factor Clutch did not affect levels of Pb 
(Table 2) and no elevated concentrations of Pb were found 
within samples from unhatched addled eggs (Fig.  5B, 
Table 2). Dominant Vegetation showed no distinct effect 
on levels of Pb (Table 2) but tend to be lowest in egg 
shells from habitats dominated by Typha spec. (0.046 ppm, 
n = 15; Fig. 5C), whereas highest mean concentrations 
were found in egg shells from habitats dominated by 
Salix cinerea (0.174 ppm, n = 14; Fig. 5C). No changes 
in concentrations of Pb were detected along longitudinal 
or latitudinal gradients. Concomitantly, single landscape 
parameters were not found to significantly affect Pb lev-
els (Table 2), but concentrations tend to slightly increase 
with increasing proportions of infrastructural components 
within the defined home ranges of cranes (Est. = 0.173, 
SE = 9.91e−02, p = 0.080). Concerning weather param-
eters, precipitation prior to the breeding season had an 
effect on concentrations of Pb in eggshells (Fig.  6A). 
Concentrations decreased with increasing precipitation 
(Fig.  6A; GLMM, Est. = − 7.84e−03, SE = 2.75e−03, 
p < 0.001). Other weather parameters did not affect Pb 
levels.

Discussion

This is the first study to investigate heavy metal residues in 
eggshells of Common Cranes and, in general cranes within 
Europe, assessing long-term changes in heavy metal con-
tent of eggshells from free living cranes over the course of 
16 years.

Copper and lead

The majority of samples contained Cu and Pb, although con-
centrations found are not considered to be potentially toxic 
(Franson and Pain 2011). However, single eggshells con-
tained concentrations of Pb markedly exceeding suggested 
background Pb levels in wild birds (< 0.2 ppm dry weight; 
Franson and Pain 2011), indicating increased heavy metal 
intake within our study area. Heavy metal concentrations in 
eggshells represent recent heavy metal intake of egg-laying 
females (Franson and Pain 2011), which also explains the 
similarity of metal levels found in first and replacement 
clutches of single individuals. Concentrations of Pb found 
are similar to those reported for Red-crowned Cranes (Grus 
japonensis; Teraoka et al. 2007) but it is important to take 
into account that Teraoka et al. analysed metal levels in soft 
tissues. In general, heavy metal concentrations are signifi-
cantly lower in eggs compared to soft tissues of adult birds, 

Fig. 5   Comparisons of lead concentrations found in eggshells of Common Cranes from north-eastern Germany grouped according to the Year 
the eggs were laid in (A), whether eggshells came from addled or hatched eggs (B) and the Dominant vegetation at the nesting site (C)
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but concentrations have been shown to be correlated (Jeng 
et al. 1997; Luo et al. 2016). This implies that only a lim-
ited proportion of heavy metals is being eliminated from the 
adult female during egg formation, suggesting that the heavy 
metal load of adults could be several times higher. Anyway, 
the presence of non-essential elements above background 
levels in eggshells can be used as indicator of environmental 
pollution and negative effects on physiological traits have to 
be considered.

Similar element concentrations in eggshells of addled 
eggs and eggshell remains from hatched eggs indicate no 
adverse effects of elevated Cu and Pb levels on hatching 
success of Common Cranes in Northern Germany. Similar 
levels of Cu and Pb in eggshells were found in Pied Fly-
catchers (Ficedula hypoleuca) across Europe, also showing 
no negative effect on hatching success (Ruuskanen et al. 
2014). Elemental concentrations might differ between egg-
shell material and egg content or embryo, respectively, with 
varying ratios across different heavy metals. Whereas con-
centrations of Cu were found to be significantly higher in the 
egg content, compared to eggshells, Pb was found to be more 
equally distributed in eggshells and contents in several spe-
cies (e.g., Orłowski et al. 2017; Thongcharoen et al. 2018; 
Ashkoo et al. 2020). Other authors found concentrations of 
inorganic elements, including Pb, to be significantly higher 
in eggshells compared to egg contents (e.g., Mora 2003). 
Considering this, further studies on elemental distributions 
in eggs of cranes are necessary to enable a reliable com-
parison of concentrations in eggshell and content. Moder-
ate concentrations of Cu and Pb, like those found in our 
study, are not considered to be related to eggshell thinning 
in cranes (Luo et al. 2016). However, increased loads of non-
essential elements, especially Cd and Pb, have been linked to 

deficiencies of essential elements, e.g., calcium (Ca), Cu, or 
Zinc (Zn), negatively effecting physiological traits (Dauwe 
et al. 2006), but amounts of Pb discussed in this context are 
several times higher than concentrations found in our study.

Results indicate that heavy metal content of eggshells 
does not increase with increasing female age, but different 
than expected even seems to decrease with increasing female 
age for Pb. Studies on elemental concentrations in eggshells 
in relation to age are missing in long-living species. Goch-
feld et al. (1996) found heavy metals accumulating within 
soft tissues, which has been confirmed in birds of the fam-
ily Gruidae by Teraoka et al. (2007), but precise mecha-
nism behind the deposition of heavy metals in eggshells 
remain unknown. Once again, the question arises whether 
cranes are able to effectively excrete heavy metals through 
feather growth or incorporation in bones, respectively, or if 
physiological capabilities of excreting harmful substances 
decrease during ageing processes. The wide range of metal 
concentrations detected in eggshells in various species con-
tradict the hypothesis of a physiological limitation of the 
total amount of heavy metals deposited in eggshells (e.g., 
Orłowski et al. 2017; Thongcharoen et al. 2018), but effects, 
including age dependency, might be species-specific. Studies 
on accumulation of pollutants in wild birds over longer peri-
ods of time are scarce, especially concerning concentrations 
of heavy metals in soft tissues. Other than sampling blood, 
investigations of soft tissues, such as kidney or liver, are 
highly invasive and multiple sampling occasions for single 
individuals are difficult. Studies on Great Skuas (Cathar-
acta skua) found no relation between age and Hg levels in 
feathers or soft tissue, despite increasing mercury pollution 
(Thompson et al. 1991).

Fig. 6   Lead concentrations in eggshells of Common Cranes from north-eastern Germany in relation to weather parameters Precipitation prior to 
the breeding season (A), Coldsum of the preceeding winter (B) and total amount Sunshine duration during breeding season (C)
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We also lack information on the proportions of toxic 
substances deposited in feathers and eggs within one indi-
vidual. Only few studies investigating heavy metal levels in 
eggs and feathers from the same individuals exist. Burger 
and Gochfeld (1996) found heavy metal levels to be signifi-
cantly lower in eggshells of Franklin's Gull (Larus pipix-
can) compared to feathers of the parents. Similarly, levels 
of Cu in feathers of Bridled Terns (Onychoprion anaethetus) 
and Black-naped Terns (Sterna sumatrana) were found to 
be significantly higher compared to those of eggshells, but 
sampling took place on a random basis. In addition, indi-
vidual variation of Cu contamination was very high ranging 
from 4.13 to 25.80 µg/g. Contrary, levels of Cd and Pb were 
shown to be more or less equal in eggs and feathers of these 
species (Hamza et al. 2021).

The decrease of Pb and Cu levels found in eggshells of 
Common Cranes over the years can be explained by multiple 
factors. The final ban of lead additives for gasoline in the 
early twenty-first century, and the reduction of heavy metal-
based biocontrol products used in agriculture (Tamm et al. 
2022) likely contributed to the reduction of Pb emissions 
significantly. Cu is an essential trace element and informa-
tion on the amount of Cu naturally occurring in eggshells 
of cranes are lacking. Therefore, estimating the proportion 
of Cu originating from environmental pollution is difficult. 
Even though copper-based fungicides and pesticides have 
been shown to be ecologically harmful, they are still being 
used across Europe (Tamm et al. 2022). However, results 
do not clearly confirm our initial hypothesis that eggshells 
of cranes nesting within habitats surrounded by intensively 
used agricultural field show higher concentrations of heavy 
metals. We found no distinct link between heavy metal con-
centrations and landscape compositions of home ranges, 
but on a larger scale, landscape composition seems to have 
an effect. Levels of copper decrease in accordance with a 
decreasing proportion of agricultural fields from South to 
North within the study area. Elevated levels of Cu in egg-
shells from the southern part of the study area substantiate 
a link between intensive agriculture and elevated amounts 
of Cu in the environment. In addition, heavy metals from 
industrial processes, traffic or pesticides are persistent and 
accumulate in the environment over decades (Sotherton and 
Holland 2003), and material abrasion from automobiles and 
machinery still release heavy metals, especially Cu and Pb, 
into the environment. The related occurrence of these two 
elements might be explanatory for the correlation of Cu and 
Pb found in cranes’ eggshells. It has been shown that heavy 
metal concentrations in eggs (shell and content), including 
Cd, Cu, Fe, Mn, Ni, and Pb, are positively correlated with 
metal levels found in surrounding environmental matrices 
verifying the suitability of eggshell material as bioindicator 
for heavy metal pollution (Ruuskanen et al. 2014; Tanhan 
et al. 2020).

Cranes, such as other phytophagous and omnivorous 
birds, were found to mainly ingest heavy metals through 
food items, such as plants and invertebrates, or water (Brown 
et al. 2018; Xia et al. 2021). Concentrations of Cu detected 
in eggshells of Common Cranes are similar to those found in 
eggshells of Red-crowned Cranes from Northeastern China 
(ranging from ND to 8.05 ppm; Luo et al. 2016), whereas 
levels of Pb we found were markedly lower compared to 
those found in eggshells of Red-crowned Cranes (ranging 
from ND to 2.09 ppm; Luo et al. 2016). A higher propor-
tion of industrial facilities within the home range of Red-
crowned Cranes is considered explanatory. The ingestion of 
lead particles from leaded ammunition or fishing accessories 
has been reported in Red-crowned Cranes (Teraoka et al. 
2007), Sandhill Cranes (Grus canadensis; Windingstad et al. 
1984), and Whooping Cranes (Snyder et al. 1992), resulting 
in lethal Pb intoxications. Given that reports on lead poison-
ing in Common Cranes are missing, ammunition or fishing 
weights are not considered a major source of Pb detected in 
eggshells included in this study. However, lead being emitted 
into the environment from ammunition or fishing accesso-
ries and accumulating in the food chain can not be ruled out 
within the study area.

Differences in heavy metal content in accordance with the 
dominant vegetation can most likely be explained by differ-
ences between plant species’ capacities to absorb and accu-
mulate them. Increasing levels of heavy metals have been 
found to be positively correlated with overall eutrophication 
of wetlands (Dreshaj et al. 2016). Species of the genus Typha 
are known to be highly competitive wetland species coping 
extraordinarily well with high nutrient levels (e.g., Motivans 
and Apfelbaum 1987; Boers et al. 2007; Pandey and Verma 
2018), which could be an indicator of high eutrophication 
statuses of wetlands that are dominated by these species. 
However, species of the genus Typha, especially T. latifolia, 
which represents the most common Typha species present 
in our study area, are also known to have a high absorption 
capacity and accumulation rate of heavy metals, including 
Pb (Chiţimus et al. 2016). Researchers even suggest using 
Typha spec. for heavy metal removal from sewage and indus-
trial wastewaters (Syukor et al. 2016; Bokhari et al. 2017). 
High metal absorption rates of Typha spec. lower overall 
Pb levels at nesting sites of cranes, e. g. in water or insect 
food items, reducing the probability of Pb intake by cranes. 
Contrary, S. cinerea was found to show lower heavy metal 
accumulation, especially under wet conditions (Vandecas-
teele et al. 2005), assuming higher heavy metal availability 
in the environment at habitats dominated by S. cinerea.

Availability and bioaccessibility of heavy metals in the 
environment are also affected by geo-chemical processes, 
explaining weather dependency of metal levels detected 
(Nriagu 1974; Grecco et al. 2010). The reduction of Pb in 
eggshells with increasing precipitation might result from 
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acid rain, occurring globally (Grennfelt et al. 2020). Acidi-
fication promotes the mobilization of phosphorus (P), 
which then interacts with accessible Pb in the soil (Jalali 
and Naderi 2012). Due to its low solubility, lead–phos-
phates are mainly not available to plants and, therefore, 
do not enter the food chain (Nriagu 1974). Complement-
ing, severe drought events have been linked to increased 
availability of Pb in sediments (Costa et al. 2020). Low 
temperatures slow down chemical processes and reduce 
trace element mobility (Sherene 2010), probably being 
accountable for a reduced bioavailability of Cu following 
strong winters. To be accessible for plants and other organ-
isms, Cu needs to be available as water-soluble fraction or 
complexed with e.g., organic matter (Romić et al. 2013).

Arsenic and cadmium

Neither As nor Cd was found in any of the samples ana-
lysed. The absence of As in eggshells of these Common 
Cranes could be explained by the landscape and economic 
features of the study area. Besides the natural occurrence 
of As in certain rock types, the main sources of As in 
our environment have been arsenical pesticides and emis-
sions during industrial processes (German Environment 
Agency 2023). High levels of As found in eggshells of 
Rooks (Corvus frugilegus) from Poland were found to 
be linked to a high usage of pesticides (Orłowski et al. 
2010). However, due to the high toxicity of As, the use of 
pesticides containing As in Germany has been limited in 
1942 and completely banned in 1974 (Brandt et al. 2010), 
explaining the low availability of As in the environment. 
In addition, arsenical pesticides have mainly been used for 
viticulture (Brandt et al. 2010), of which our study area 
is not considered a key growing area (Federal Statistical 
Office 2022). The federal state of Mecklenburg–West-
ern Pomerania also represents the state with the lowest 
industrial activity within Germany (Braun et al. 2013). 
Considering this, results confirm our initial expectations 
to not find considerable amounts of As and Cd in egg-
shells of Common Cranes. The usage of Cd compounds 
in pesticides has been banned in 1974, as well. Studies on 
White-tailed Eagles (Haliaeetus albicilla) from Germany 
also found no or only very low concentrations of Cd in soft 
tissues (Kenntner et al. 2000), confirming our findings. 
However, several studies recently found detectable levels 
of Cd in eggshells as well as egg content in wild birds (Fu 
et al. 2013; Ashkoo et al. 2020), including cranes (Luo 
et al. 2016). Accordingly, we assume no substantial Cd 
pollution within our study area.

Conclusion

The population of Common Cranes studied is exposed to 
elevated levels of Cu and Pb, most likely resulting from 
agricultural practices, traffic, and industrial emissions. 
Concentrations found do not suggest negative effects on 
hatching success or embryonic development. However, 
since metal concentrations of blood and soft tissues of 
egg-laying females are believed to be several times higher 
than those of eggshells, it can be assumed that single adult 
individuals might suffer heavy metal contamination, con-
sidered to be potentially harmful. Future studies on heavy 
metal presence in cranes in Germany should include other 
tissues, e.g., blood, soft tissues, and feathers, as well as 
environmental samples, e.g., water, soil, plants, to extend 
the knowledge on both, the species heavy metal burden 
and general aspects of heavy metal contamination in the 
context of a species biology and ecology. Our investigation 
may be considered as preliminary study on the heavy metal 
contamination status of Common Cranes in Germany, giv-
ing first insights into the potential usage of eggshell resi-
dues of Common Cranes as bioindicator for monitoring 
environmental pollution.
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