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Abstract. Wild birds are common study subjects as agents of mercury pollution, in particular predominantly
fish-eating birds that are at risk for high mercury intake. The Black Stork is one such species in Latvia. Its
conservation status is very unfavourable; by the IUCN criteria, it is considered to be critically endangered. Our
data encompasses several species of wild birds; however, the bulk of data consists of black stork eggshells. If the
target species is endangered, it is highly desirable to reduce the impact caused by the data collection itself. The
collection of eggshell remains under nests is one such non-invasive method. Black storks often drop hatched
eggshells and the remains of eggs out of their nests. The downside of this method is the fact that one cannot choose
a preferable type of artefact to be collected, only what is there. Eggshell remains under nests vary greatly both in
size and condition from almost complete eggs to tiny scratches of eggshell. We used an atomic absorption
spectrometer with Zeeman correction LUMEX RA-915M paired with its attachment for pyrolytic analysis PYRO-
915+ to detect total mercury concentration in our samples. Pyrolytic combustion enables direct measurements
without special pre-treatment steps, minimizing sample contamination risk and offering nearly immediate results.
To assess our data, we did a statistical analysis using R version 4.2.1. We have previously observed that eggshell
membranes contain higher levels of mercury than eggshells themselves. Here we check whether the amount of
mercury found in various types of artefacts correlates, using 320 pairs of data for black storks for which both
separate measurements were possible. Our data show that the correlation between the two is significant. In
addition, we discuss the correlation between eggshells with attached membranes and membranes themselves, as
well as between eggshells and eggshells with attached membranes.

Keywords: mercury, black storks, wild birds, eggshells, membranes.

Introduction

Mercury is one of the most toxic elements in the environment. Methylmercury, which is produced
during methylation processes in aquatic environments, is one of its most dangerous organic forms. After
entering the food chain through tiny organisms, methylmercury starts to bioaccumulate and biomagnify.
Because of these processes, even low to moderate mercury concentrations can rapidly reach toxic levels,
thus endangering both living organisms and the environment [1].

Because wild birds are top predators in many terrestrial and aquatic environments, and their
reproductive systems are highly sensitive to mercury toxicity, they are commonly studied as agents of
mercury environmental pollution [2]. A significant role in this process is played by fish, where
biomagnification of methylmercury occurs at a high rate [1]. Consequently, these are predominantly
fish-eating birds that are at risk for high mercury intake [3].

The Black Stork (Ciconia nigra) is one such species in Latvia. Their diet mainly consists of small
and average-sized freshwater fish, foraged in streams, fish ponds and similar shallow aquatic
environments [4]. The conservation status of the black stork varies across countries in Europe, it is least
favourable in the Northern European part of its range (Latvia, Estonia). In Latvia according to the latest
assessment it is considered to be critically endangered [5]. The size of the breeding population in Latvia
over the last 20 years has decreased more than twice.

Numerous studies have reported results for mercury in the egg parts of various bird species (e.g. [6-
10]). Studies of whole eggs have shown that most of the mercury is located in the albumen and yolk and
only a small amount is found in shells [9-11]. At the same time, it was concluded, that egg albumen has
a strong correlation with shells [6; 9] and membranes [10].

We found only a few previous studies by other authors of mercury concentration measurements in
the membranes and eggshells of bird eggs [6; 10]. Brasso et al. in their work [10] indicate, that in terms
of mercury assessment, the use of egg albumen is preferable. At the same time, they and Kennamer et
al. [9] discuss the advantages of eggshells, such as ease of sample collection, transport and storage,
sample availability and less impact on bird populations.
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Reducing the impact of data collecting itself is especially desired if the target species is endangered.
One such non-invasive technique is gathering of eggshell remnants from beneath nests. Black storks
often drop hatched eggshells and the remains of eggs out of their nests [7], meaning they can be collected
without climbing to the nests. In addition to reduced interference with the birds themselves, eggshells
do not require specific storage conditions. In fact, they can be easily stored for long periods [12], and
the use of viable eggs for research purposes is avoided.

The drawback of this approach is that one can only collect what is there, without being able to select
a preferred sort of artefact. Eggshell remnants found under nests vary greatly in size and condition,
ranging from nearly intact eggs to tiny scratches. Even more — for some eggs, there are only scraps of
eggshell available, while for others we can find larger pieces of membrane, but no eggshells. This means
that using as many samples as feasible is crucial to increase the spatial coverage of the items gathered
and, consequently, to raise the representativeness of data for each given year.

Due to the limited availability of eggshell remains, our interest is to investigate the possible
correlations between eggshells and eggshell membranes.

Materials and methods

For this study, we used wild bird eggshells that were collected from 2003 to 2022 in all regions of
Latvia. We analysed a total of 397 eggshells, 401 membranes and 209 mixed samples (where the
membrane was not separable from the shell). Our data encompass several species of wild birds, namely,
the White Stork (Ciconia ciconia), the European Roller (Coracias garrulus), the Grey Heron (Ardea
cinerea), the Osprey (Pandion haliaetus), the White-tailed Eagle (Haliaetus albicilla), the Eagle Owl
(Bubo bubo), the Lesser Spotted Eagle (Clanga pomarina), the Eurasian Woodcock (Scolopax
rusticola), the Northern Pintail (Anas acuta), the Western Capercaillie (Tetrao urogallus), the Western
Marsh Harrier (Circus aeruginosus), the Goshawk (Accipiter gentilis), and the Common Buzzard (Buteo
buteo), however, the bulk of the data consists of black stork eggshells. The use of artefacts of several
wild bird species allows us to compare the results between different species.

We labelled all gathered eggshell samples with their respective nest numbers and date of collection
and added a description of shell characteristics, including possible hatching status (hatched, unhatched,
unknown). We have previously observed that the hatching status may influence how easily membranes
can be separated from eggshells [7]. We air-dried eggshells and, if necessary, cleaned them with a soft
brush to remove debris.

To prepare samples for measurements, we separated the inner membrane from the eggshell.
Sometimes it was impossible, so we measured mixed samples of both eggshell and inner membrane.
Immediately before measurements we homogenized our samples using a mortar and pestle.

We did total mercury measurements using an atomic absorption spectrometer with Zeeman
background correction LUMEX RA-915M paired with its attachment for pyrolytic analysis PYRO-
915+. Pyrolytic combustion enables direct measurements without special pre-treatment steps,
minimizing sample contamination risk and offering nearly immediate results. For our sample type, the
threshold of detection was approximately 2 ng-g=.

The measurement procedure was carried out as follows: first, we recorded the weight of a sample,
then we placed the sample inside the atomizer PYRO-915+, where it was thermally decomposed.
Afterwards, we measured the absorption of the mercury 254 nm resonance radiation and calculated the
mercury concentration in the sample.

The average mass of our samples was 50-100 mg dry weight (d.w.) for eggshells and 20-30 mg d.w.
for inner membranes, as they are a lot less dense than eggshells. We measured each sample 5 times on
average, and then calculated the standard deviation to better assess the average value. For calibration
and periodical testing we used a certified reference material of mussel tissue — ERM-278k (by the
European Commission Joint Research Centre).

We conducted statistical data analysis to look at the relationships between mercury concentrations
in different sample compositions: eggshell, membrane, and mixed. All statistical data analyses were
done using R version 4.2.1 [13].
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Results and discussion

The main problem in using eggshells as biomonitoring artefacts mentioned in [6] and [10] is the
low mercury concentrations in eggshells as opposed to egg content. This requires the use of analytical
instruments with sufficiently low detection limits. All of our samples had mercury concentrations above
the detection limit of 2 ng-g* of our device.

For this work, we pooled together all measured data for the black stork and evaluated the
distribution and mean values for three sample groups — eggshells, membranes and mixed samples
(Fig.1). The eggshells had the lowest concentrations, with the average value of 16 ng-g* and 95% of
samples within the range of 3 to 52 ng-g. For mixed samples, it was difficult to evaluate the contribution
of each of the parts, but the concentrations were higher than those of eggshells. Membranes contain
more mercury, and the mean value for our samples was 202 ng-g™*, with most samples being in the range
of 43 to 815 ng-g™. There were also several very high Hg values — over 1000 ng-g™.

Possible sources of mercury contamination in Latvia include anthropogenic activities, such as peat
mining, forestry, cement manufacture, illegal dumps, garbage incineration, and military artefacts. In
addition, beaver ponds are among the potential natural sources of mercury. Because black storks are
migratory birds, mercury may have also been “imported” from other countries [7].
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Fig. 1. Mercury concentration in three sample types of black storks:
No of samples: eggshells (358), membranes (361), mixed samples (179)

We have previously observed that the total mercury concentration in black stork eggshell
membranes is approximately 9 times higher than in shells, using a smaller group of samples [7]. Here,
using data from more than 300 sample pairs, we have found that the ratio of mercury in membranes and
eggshells is closer to 11:1 respectively, with variations between 4:1 and 30:1. The average value is close
to the one for American avocets reported in [6] (13.2:1).

We separated our data on mercury in membranes and in eggshells by the species of wild birds. The
largest group, as previously mentioned was for black storks — 361 and 358 samples, respectively. For
all the rest of the species, we had from one to ten samples in each group. Preliminary results show that
mercury concentrations in other birds’ eggshells are similar to or lower than for black storks. More data
is needed to analyse the mercury concentration in relation to bird species.

For the correlation assessment, we selected 320 sample pairs of black stork artefacts for whom we
had results for both membranes and eggshells. All Hg concentration values were natural log-transformed
before statistical analyses in order to meet the assumptions of normality and homogenous variance for
linear regression analysis where possible.

Since our data are non-parametric, we decided to use Spearman’s correlation analysis instead of
Pearson’s to look at the correlation between egg membrane mercury concentration and eggshell mercury
concentration for black stork samples. Spearman’s correlation analysis on 320 samples showed a
statistically significant positive correlation between membrane mercury concentration and eggshell
mercury concentration in a sample (p = 0.59; S (320) = 2258875; p-value < 2.2¢e7), as shown in Fig. 2.
In this case, the value of p is positive and greater than 0.5, indicating a moderately strong positive
correlation between the two variables.
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Fig. 2. Correlation between Hg concentration in membranes and eggshells

In our collection of eggshells, we had 33 sample pairs obtained from various other wild birds, for
whom we had results for both membranes and eggshells. These data points were parametric and linear,
so we conducted a Pearson’s correlation analysis (p = 0.66 (95% CI 0.40 to 0.82); t (31) = 4.84; p-
value < 0.001). The correlation coefficient of 0.66 indicates a moderate positive linear relationship
between the two variables, meaning that as the membrane Hg concentration value increases, the eggshell
Hg concentration also increases. We have relatively little data on other wild birds that are not black
storks at the moment, so sample collection must continue.

We also had 23 black stork samples available, in which the mercury concentrations were measured
in all three composition groups: eggshells, membranes, and mixed. We decided to analyse these 23
samples to see whether mercury concentration in mixed composition samples correlates in any way with
that of eggshells or membranes.

Firstly, we conducted the Pearson’s correlation analysis (p =0.77 (95% CI 0.52 to 0.89); t
(21) = 5.454; p-value < 0.001) to look at the relationship between membrane mercury concentration and
mixed mercury concentration, as shown in Fig. 3A.

The results of the correlation analysis indicate that there is a statistically significant strong positive
linear relationship between mixed mercury concentration and that of the membrane. The correlation
coefficient is 0.77, which suggests that as one variable increases, the other variable also tends to increase.

Additionally, we conducted a linear regression analysis to investigate the relationship between
membrane Hg concentration and mixed Hg concentration. The results showed a significant positive
relationship between the two variables (5 =0.7278, SE = 0.1334, t (21) = 5.454, p < 0.01), indicating
that for a one-unit increase in log-transformed mixed Hg concentration, we expect to see a 0.7278
increase in log-transformed membrane Hg concentration, holding all other variables constant. The
overall model was significant (F (1,21) = 29.75, p < 0.01), and the model accounted for 58.62% of the
variance in the log-transformed membrane Hg concentration (adjusted R-squared = 0.5665).

In conclusion, our results suggest that the mixed sample Hg concentration is an important predictor
of membrane Hg concentration and that the model provides a good fit for the data. Here is our calculated
linear model: log(membrane Hg) = 2.6089 + 0.7278 * log(mixed Hg).

Furthermore, we tested the relationship between eggshell Hg concentration and mixed Hg
concentration, using the Pearson’s correlation analysis (p = 0.16 (95% CI -0.27 to 0.54); t (21) = 0.767;
p-value = 0.4515), as shown in Fig. 3B. The results suggest that there is not a statistically significant
correlation between mixed Hg concentration and eggshell Hg concentration. The weak positive
correlation coefficient of 0.1651243 suggests that as one variable increases, the other variable tends to
increase slightly, but the confidence interval suggests that we cannot be confident that the true
correlation coefficient is significantly different from 0.
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Fig. 3. Correlation between Hg concentration in membranes and mixed samples (A) and between
Hg concentration in eggshells and mixed samples (B)

Conclusions

Several hundred eggshell samples of various wild birds occurring in Latvia were measured. The
average mercury concentration value for eggshells was 16 ng-g* and for membranes — 202 ng-g™*. The
average ratio of mercury in membranes versus shells was 11:1.

The correlation between mercury concentration in eggshells and membranes of black storks has
been assessed. Our results show that the correlation is positively moderately strong. In comparing
eggshells and membranes to mixed samples, it was found that mixed samples can be used to predict the
concentration in membranes. No correlation between mixed samples and eggshells was found.

Preliminary results from other birds separately from the data of black storks were also analysed.
The mercury concentrations were similar or lower than those of black storks. The correlation of
membranes versus eggshells indicated a positive linear relationship. More data are needed for further
analysis.
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