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Abstract
The quality of nutrition and environmental pollution are crucial chemical indicators influencing animal health, reflected 
in element concentrations in animal tissues and coats. This study investigates the concentrations of biogenic elements 
(calcium, potassium, magnesium, sodium, copper, and iron) in sheep wool from various regions of Slovakia to com‑
pare concentrations and identify possible correlations between individual elements. Samples were collected from six 
different regions, and concentrations of elements were measured using flame atomic absorption spectrometry. Statisti‑
cal analysis revealed significant differences in element levels among the examined regions. Calcium concentrations 
ranged from 729.2 to 4065 ppm, with the highest concentrations in the Kysuce region and the lowest in the Šariš 
region. Potassium concentrations ranged from 2315 to 3282 ppm, with the lowest values in the Zemplín region and the 
highest in the Liptov region. Magnesium, sodium, copper, and iron also exhibited varying concentrations across the 
regions. Correlation analysis identified significant associations between several elements. The findings suggest that 
regional environmental differences influence element concentrations in sheep wool, highlighting the importance of 
monitoring biogenic elements for assessing environmental pollution and animal health. Further research is warranted 
to explore the underlying mechanisms driving element accumulation in wool and its implications for animal welfare 
and environmental management.
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Introduction

Quality of nutrition and environmental pollution are impor‑
tant chemical indicators when it comes to the health state 
of animals; these are reflected in element concentrations in 
animal tissues but also in their coats [1]. Our previous stud‑
ies were mainly related to concentrations of various biogenic 
and toxic elements in various biological samples [2–9].

Hair is generally considered a good bioindicator for the state 
of the environment. Enne [10] observed increased concentra‑
tions of toxic elements, especially cadmium, zinc, and lead, 
in sheep wool from mining regions in Italy. Hair has a minor 
role in the excretion of minerals [11], though hair physiology 
is very complex, and more research needs to be done in this 
field [12]. The hair of animals is essential in biomonitoring 
the content of trace elements in animals. Certain animals such 
as badgers have been observed to be high bioaccumulators of 
metals [13]. As hair is a metabolically inert biological matrix 
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that is chemically homogenous and can be easily collected 
from domestic animals non‑invasively, it is a perfect indicator 
for the determination of environmental contamination [14]. A 
common approach nowadays is to assess the chemical expo‑
sure of animals to organic pollutants in wildlife but also in 
farm conditions. It has been found that hair is a useful tool to 
biomonitor multiple types of compounds, with the important 
advantage of its non‑invasivity [15]. Hair in the follicle is a 
metabolically active tissue that absorbs and holds minerals in 
the phase of development, while exposed to circulating blood 
and body liquids. After it grows above the skin surface and 
becomes keratinized, it becomes metabolically inactive [16]. 
Studying elements is important as toxic metals such as Pb, Hg, 
Cd, As, and Ni can cause neurological, renal, reproductive, and 
haematological disruptions in organisms, as well as absorption 
and metabolism of trace elements [17].

The chemical composition of raw wool is highly depend‑
ent on breed and environment but can be stated that it consists 
generally of 33% keratin (which consists of 50% carbon, 12% 
hydrogen, 10% oxygen, 25% nitrogen, and 3% sulphur) and 
26% of dirt, 28% suint, 12% fat, and 1% of mineral water [18]. 
It is common to find significantly elevated concentrations of 
heavy metals in sheep wool exposed to environmental pollution 
[19, 20]. Certain elements, such as Pb and Cd, can change the 
redox state of cells and promote radical metabolism of cells and 
tissues which leads to oxidative damage caused by lipid peroxi‑
dation [21]. Pollutants show seasonal variation in vegetation, 
and it was observed that sheep consume vegetation selectively, 
avoiding the more contaminated plants. Increased clay in the 
soil can cause increases in cadmium and iron concentrations 
in the liver and kidney [22]. Worldwide, research is mainly 
focused on metabolites that could reflect the mineral status. 
Information on individual feed and mineral intake is limited 
in groups of animals grazing [23, 24]. The content of elements 
such as Cu and Zn increases with a longer distance from the 
skin, meaning it is more exposed to exogenous sources (i.e., 
soil) and therefore needs to be washed thoroughly [25].

Trace elements significantly affect animal health, repro‑
ductive success, and survival. This makes monitoring of 
their status in populations important for the management and 
conservation of species [26]. Components of an environment 
might be burdened by various factors, including industrial 
pollution and mining waste flowing into freshwater reservoirs. 
The two adjacent regions—Šariš and Spiš—have both been 
found to have increased levels of Fe, Cu, Zn, Ni, Pb, and Hg 
in the environment and generally are the area with the most 
damaged environment due to centuries lasting mining activi‑
ties [27]. On the other hand, the Horehronie region is one of 
the oldest industrial areas in Slovakia and is contaminated by 
tar dumps by Petrochema Dubová which has been in produc‑
tion for the last 60 years. The main contaminants are Cu, Zn, 
and Pb in both soil and water sources [28]. Zemplín region 
is well known to be polluted by 25 years of polychlorinated 

biphenyls (PCBs) in all environmental components including 
soil, air, water, and wildlife (especially fish) [29].

Monitoring of the content of toxic elements in environmen‑
tally stressed areas due to mining and subsequent processing 
activities can be observed in many global and European studies. 
On the territory of the Slovak Republic, one such area is Stredný 
Spiš, an example of an environmentally burdened area due to 
long‑term mining and industrial activity, which has already 
ended [30]. Also, our previous clearly reports the relation of 
risk elements to animal health and reproduction [4, 31–34].

Therefore, the monitoring covered a wide range of 
regions to assess possible environmental contaminations. 
The presented study aims to observe concentrations of bio‑
genic elements (calcium, Ca; potassium, K; magnesium, Mg; 
sodium, Na; copper, Cu; and iron, Fe) in sheep wool from 
various regions of Slovakia to compare the concentrations 
and spot possible correlations between individual elements.

Materials and Methods

Sample Collection 

Samples were collected from living animals throughout one 
summer season from six different regions of Slovakia to 
represent a comprehensive subject that includes all degrees 
of possible environmental pollution. Experimental sheep 
were free to roam grazing and were kept in sheepfold on 
the pasture. The origins of collected samples were Liptov 
region, Kysuce region, Zemplín region, Horehronie region, 
Turiec region, and Šariš region (Fig. 1). Sheep were aged 
2 ± 0.5 years. Sheep used in the experiment were consisting 
of three breeds: Tsigai (Šariš, Turiec, Zemplín), improved 
Valachian (Liptov, Kysuce), and Lacaune (Horehronie). In 
total, 106 samples of raw wool were collected, with each 
sample originating from a different animal. The number of 
animals in experimental groups was as follows: Liptov 23, 
Kysuce 18, Zemplín 16, Horehronie 15, Turiec 19, Šariš 15.

Preparation of the Samples

Dry raw wool samples were collected into polypropylene 
tubes and stored at room temperature. The wool was washed 
before the analysis and subsequently air‑dried at room tem‑
perature. Samples were divided into subsamples directed to 
metal measurements (weighing 2 g). These were mineral‑
ized in an open mineralization system (Velp Scientifica, 
DK‑20) using ultrapure nitric acid (JT Baker, Baker Instra, 
65%). The process was carried out with increasing tempera‑
ture protocol, up to 140 °C; mineralized samples were sub‑
sequently diluted up to 10 ml with ultrapure deionized water 
(18.2 MΩ cm at 25 °C, Direct Q‑3, Merck Millipore) [35].
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Analyses of Biogenic Elements

Concentrations of elements (Ca, Cu, Fe, K, Mg, and Na) 
were measured in mineralized samples with the use of a 
flame atomic absorption spectrometer (AAnalyst 200, 
PerkinElmer, USA). Using this method, each measurement 
consisted of three readings. After every twentieth sample, 
the quality control solution (QC) was analysed. The entire 

protocol was compared against the certified reference mate‑
rials and was compared to the limit of detection (LoD). The 
final results were expressed as ppm of the dry weight [36].

Statistical Analysis

GraphPad Prism 8.0.1. (GraphPad Software, San Diego, 
CA, USA; www. graph pad. com) was used for the statistical 

Fig. 1  Locations of collected samples in Slovakia; Liptov 48° 55′ 
48.8″ N 19° 11′ 51.2″ E; Kysuce 49° 25′ 36.3″ N 18° 50′ 44.1″ E; 
Zemplín 49° 00′ 37.4″ N 21° 32′ 52.3″ E; Horehronie 48° 46′ 01.8″ N 

19° 17′ 16.6″ E; Turiec 49° 05′ 19.4″ N 18° 54′ 56.7″ E; Šariš 49° 12′ 
14.6″ N 20° 57′ 03.9″ E

http://www.graphpad.com
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analysis. Column statistics were calculated to express 
means ± standard deviation (SD) of every measured ele‑
ment in all examined regions. One‑way ANOVA followed 
by Tukey’s multiple comparisons test was used to determine 
significant differences between the element levels of the 
observed regions. Afterward, Spearman R correlation anal‑
ysis was used to determine possible associations between 
the observed biogenic elements. Regression lines were used 
to visually express the dependencies between statistically 
significant correlations with the regions as covariates.

Results

Concentrations of various elements examined in the experi‑
ment varied between the selected regions. The results are pre‑
sented in Fig. 2. The average Ca values in the samples ranged 
from 729.2 to 4065 ppm. The highest concentrations were 
found in the Kysuce region (4065 ± 2340 ppm), while the 

lowest were found in the Šariš region (729.2 ± 313.3 ppm). 
K concentrations were relatively consistent in all samples; 
the lowest values were recorded in the Zemplín region 
(2315 ± 940.9 ppm), and the highest were found in the Lip‑
tov region (3282 ± 649.7 ppm). The levels of Mg were the 
highest in the region of Kysuce (1009 ± 308.3 ppm), fol‑
lowed by the region of Horehronie (962.6 ± 113.4 ppm), and 
the lowest levels of this element were recorded in the region 
of Turiec (163.8 ± 56.72 ppm). Na levels were highest in 
the Horehronie region (969.2 ± 344.7 ppm), and lowest in 
the Turiec region (194.9 ± 65.15 ppm). Cu concentrations 
were relatively balanced, with the highest average concen‑
trations in the Turiec region (7.54 ± 2.16 ppm), followed by 
the Liptov region (6.03 ± 3.21 ppm), and the lowest aver‑
age in the Horehronie region (3.79 ± 0.73 ppm). Fe con‑
centrations were the highest in Šariš (71.83 ± 40.06 ppm) 
and Horehronie (59.60 ± 40.11 ppm); other locations were 
comparable, with the lowest Fe content for the Liptov region 
(17.61 ± 21.92 ppm).
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Fig. 2  Concentrations of individual biogenic micro and macro elements in sheep wool. Each column represents mean ± SD
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Differences between means of biogenic elements accord‑
ing to regions are presented using 95% confidence inter‑
vals (Tukey) in Fig. 3. The results of this analysis compare 
concentrations of micro and macro elements and express 
statistically significant differences between individual 
regions. Confidence intervals that do not contain zero indi‑
cate significant differences. The levels of statistical signifi‑
cance were as follows: Ca—Liptov vs. Kysuce (p = 0.009), 

Turiec (p = 0.038), and Šariš (p = 0.029); Kysuce vs. Zem‑
plín (p < 0.001), Turiec (p < 0.001), and Šariš (p =  < 0.001); 
Horehronie vs. Turiec (p < 0.001), Šariš (p < 0.001), and 
Zemplín (p = 0.003); K—basically unanimous, the only 
significant difference was Liptov vs. Zemplín (p = 0.004); 
Mg—Liptov vs. Zemplín (p < 0.001), Turiec (p < 0.001), and 
Šariš (p < 0.001); Kysuce vs. Zemplín (p < 0.001), Turiec 
(p < 0.001), and Šariš (p < 0.001); Horehronie vs. Zemplín 
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Fig. 3  Differences between biogenic micro and macro elements means according to regions presented using 95% confidence intervals (Tukey)
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(p < 0.001), Turiec (p < 0.001), and Šariš (p < 0.001); Na—
Kysuce vs. all other regions (p < 0.001, except Šariš with 
p = 0.005); Horehronie vs. all other regions (p < 0.001); 
Cu—Liptov vs. Zemplín (p = 0.015) and Horehro‑
nie (p = 0.015); Turiec vs. Kysuce (p < 0.001), Zemplín 
(p < 0.001), Horehronie (p < 0.001), and Šariš (p = 0.004); 
Fe—Šariš vs. Liptov (p < 0.001), Kysuce (p = 0.001), Zem‑
plín (p = 0.011), and Turiec (p = 0.007); Horehronie vs. Lip‑
tov (p < 0.001), and Kysuce (p = 0.033).

The representation of individual elements (expressed in 
percent) in the monitored regions is presented in Fig. 4. 
By region, Liptov (49%), Zemplín (64%), Turiec (67%), 
and Šariš (66%), the most abundant biogenic element 
was K, followed by Ca. On the contrary, Ca was the most 
represented in the Kysuce (48%) and Horehronie (41%) 
locations, followed by K (32%, resp. 34%). Mg and Na 
occurred in concentrations as the third or fourth most rep‑
resented element. The second least represented biogenic 
element was Fe (ranges from 0.3 to 1.7%), and the least 
represented was Cu (ranges from 0.05 to 0.2%).

While observing correlations between elements (all 
samples; n = 106), we found several possible associa‑
tions (Table 1). Significant negative correlations have 
been found between concentrations of Ca with Cu and 
Fe (p = 0.006 for both). Strong positive correlations have 
been found between concentrations of Ca with Mg and Na 
(p < 0.001 for both). Mg levels negatively correlated with 
Cu and Fe and positively correlated with K concentration. 
Lastly, a statistically significant negative correlation was 
found between concentrations of Na and Cu, and a statis‑
tically significant positive correlation was found between 
Na and Mg concentrations.

Regression lines were used to confirm the homogeneity 
of the observed sample set with the region as a covariate 

(Figs. 5, 6, 7). Regression lines for Ca to Cu and Ca to Fe 
associations showed good homogeneity with similar slopes 
in Liptov, Kysuce, and Horehronie regions. However, the 
lines for the Zemplín, Turiec, and Šariš regions changed 
their slope, which may be related to the lower Ca content 
in the samples from these regions. Regression lines for 
Ca to Mg and Ca to Na associations showed comparable 
homogeneity with similar slopes in all regions except the 
Zemplín region (Fig. 5). Regression lines for the relations 
between Mg with Cu, Fe, and K are presented in Fig. 6. 
The relationship of Mg and Cu showed comparable homo‑
geneity in all regions except the Zemplín region, which 
may be due to lower Mg concentrations in this region. 
Associations of Mg to Fe and K showed similar homo‑
geneity with similar slopes in Liptov, Kysuce, Zemplín, 
Horehronie, and partially Šariš region. The region of 
Turiec showed opposite tendencies, probably influenced 
by the lowest Mg concentrations in this region. The asso‑
ciations of Na to Cu and Mg showed good comparative 
homogeneity with similar slopes in all regions (Fig. 7).

Discussion

Animal hair is essential in biomonitoring the content of trace 
elements in animals. Certain animals have been observed 
to be high bioaccumulators of metals [13]. In our study, we 
monitored a variety of elements of sheep wool across differ‑
ent regions of Slovakia. Hair possesses several characteris‑
tics that render it a probable candidate for biopsy tissue. It 
can be gathered with minimal trauma and stored for analysis 
at a later, more convenient time, as it does not degrade eas‑
ily. Moreover, trace elements tend to accumulate in hair at 
concentrations at least tenfold higher than those found in 
blood serum and urine [37]. Sheep wool was selected as 
organic material because of the non‑invasive nature of its 
collection, as well as for the better understanding of element 
accumulation in it as there is not too much research done on 
the accumulation of certain elements. The main focus was to 
observe whether certain environments (especially with high 
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Table 1  Correlations (Spearman R) between concentrations of indi‑
vidual elements in sheep wool

***Correlation is significant at the p < 0.001; **correlation is signifi‑
cant at the p < 0.01; *correlation is significant at the p < 0.05

Cu Fe K Mg Na

Ca  − 0.274**  − 0.273** 0.085 0.749*** 0.498***
Cu  − 0.025 0.190  − 0.259**  − 0.351***
Fe  − 0.167  − 0.199* 0.162
K 0.260** 0.188
Mg 0.607***
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environmental burden) could have a higher effect on element 
retention in organism.

Patkowska‑Sokoła et al. [38] observed chemical content 
in the sheep wool of different origins—Polish Mountain 
Sheep, Karagounico Breed, and Awassi breed (Poland, 
Greece, and Syria)—and breeds and found out that concen‑
trations of elements varied depending on the region of ori‑
gin. Measured concentrations of Ca ranged between 1790 
and 2900 ppm, whereas in our experiment, they ranged 
between 729 and 4065 ppm. K concentrations ranged from 
643 to 755 ppm. Our K results were higher, ranging between 
2315 and 3282 ppm. Mg concentrations were much more 
similar, with their findings ranging between 120.8 and 
590.8 ppm, whereas in our experiment, they ranged from 
163.8 to 1008.8 ppm. On the other hand, concentrations of 
Na were much lower in our experiment (195–969.2 ppm) 
compared to the findings of fellow colleagues, which ranged 
from 1486.7 to 2165.0 ppm. This confirms that region and 
breed have a unique effect on concentrations of elements in 
sheep wool and also indicates that more research needs to 
be done in the field of element trace research in niche com‑
pounds to get a better understanding of values that could be 
taken as a reference.

Hawkins and Ragnarsdóttir [25] followed the concentra‑
tions of certain elements in sheep wool and their changes 
due to washing related to exogenous contamination. This 
suggests that the unification of samples is necessary before 
analysis. In our experiment, we used the same protocol for 
all samples; therefore, possibility of results being affected 
by exogenous contamination has been eliminated. They also 
found correlations between Zn, Cu, Mn, and the age of the 
animals as well as the colour of the wool.

Another study, conducted on human hair in Poland, 
described average concentrations of Mg to be 95.9 ppm; Na 
241 ppm; K 105 ppm; Fe 24.5 ppm; Cu 23.5 ppm; and Ca 
1800 ppm [39]. All concentrations of the elements, except 
copper, were much higher compared to our results. This sug‑
gests that copper accumulation is much higher in sheep wool 
which may be caused by the worse excretion capability of 
sheep organisms.

Results of an experiment that studied the hair of infants 
conducted by Kim et al. [40] support the claim mentioned 
above with their observed concentrations being Ca 548.1 mg/
kg; Fe 6.5 mg/kg; and Cu 0.4 mg/kg. More thorough studies 
of mechanisms causing the accumulation of certain elements 
are needed to further understand this problem.

Fig. 6  The regression lines for 
the statistically significant cor‑
relations between Mg and other 
biogenic elements in sheep wool 
with the regions as covariates 
(Liptov, blue; Kysuce, red; 
Zemplín, green; Horehronie, 
purple; Turiec, orange; Šariš, 
brown). The straight line repre‑
sents the best‑fit line obtained 
by linear regression
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Mg deficiency in ruminants is associated with grass 
tetany. Cattle suffering from such conditions have been 
observed to have low concentrations of serum Mg (even 
below 1.0 mg/100 ml). Hair Mg levels are higher in cattle 
that were supplemented with Mg [41]. It is important to 
monitor the concentrations of elements in various tissues 
and body fluids of animals to control the health state of the 
animals as it can be a sign of certain diseases. The regula‑
tion of plasma Ca ion levels involves active transport within 
narrow ranges. However, in situations of high Ca intake, 
Ca is transported passively via paracellular pathways in 
the jejunum and ileum, regardless of vitamin D intake. In 
the latter case, Ca absorption likely occurs through passive 
transport, potentially leading to elevated levels in plasma 
and wool. The wool’s Ca content may serve as an indicator 
of dietary Ca intake, particularly in cases of excess [24]. In 
our experiment, Ca was one of the represented elements out 
of those measured in the experiment, which indicates high 
calcium intake by observed animals in all regions and thus 
its transport to wool.

Similar results in the relationships between Ca and Mg, 
Ca and Na, and Mg and K were described in sheep milk 
[42, 43].

In another experiment, the findings were that in each bio‑
logical substrate measured, including horse hair, the mean 

Cu concentrations were within the normal range expected 
in horses. Therefore, they state that bioaccumulation was 
not observed for this element [44]. This also corresponds 
with our findings, as measured values were within the range 
observed by most studies. Also, another research [45] con‑
firms our statements. In their experiment, it was observed 
that certain elements, such as Ca and K, were significantly 
increased in sheep milk throughout heavily disturbed areas 
of Slovakia (especially the Spiš region).

Conclusion

Our experiment showed visible regional differences between 
concentrations of individual elements. The concentrations of 
Ca ranged from 729 ppm in the Šariš region to 4065 ppm in 
the region of Kysuce. Potassium concentrations ranged from 
2315 ppm in the region of Zemplín to 3282 ppm in the Liptov 
region. Concentrations of Mg ranged from 163.8 to 1009 ppm, 
with the lowest in the region of Turiec and the highest in the 
region of Kysuce. A similar range was while observing con‑
centrations of Na from 198.8 ppm (Zemplín) to 969.2 ppm 
(Horehronie). High Na concentrations are due to environ‑
mental pollution caused by Biotika pharmaceutical company 
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Fig. 7  The regression lines for the statistically significant correla‑
tions between Na and other biogenic elements in sheep wool, with 
the regions as covariates (Liptov, blue; Kysuce, red; Zemplín, green; 

Horehronie, purple; Turiec, orange; Šariš, brown). The straight line 
represents the best‑fit line obtained by linear regression
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in Slovenská Ľupča (Horehronie region) which is in close 
proximity to the farm where the samples were obtained. Cu 
concentrations ranged between 3.79 and 7.54 ppm, the lowest 
concentration in the region of Horehronie and the highest in 
Turiec. Lastly, Fe ranged between 17.61 ppm in the Liptov 
region and 71.83 ppm in the Šariš region. Both Šariš and 
Spiš regions are well‑known areas that have a high environ‑
mental burden caused by extensive mining activities (includ‑
ing Fe) in the past. Subsequently, multiple associations were 
found between individual elements based on correlations that 
highlight their possible synergy and/or antagonism. Based on 
the results, we can state that there are apparent differences in 
the environmental statuses of regions in Slovakia, especially 
coming down to different environmental burdens caused by 
possible industrial or mining pollution. The positive aspect of 
this monitoring in this type of matrix is the non‑invasiveness 
of the sampling of biological material. However, by compar‑
ing e.g. with blood samples, we can observe high variability 
between individuals in individual herds. Based on the find‑
ings, we can characterize the herd sample or the herd value 
of the element. In order to reduce the standard deviation in 
the concentration, we recommend increasing the number of 
animals in individual groups, as well as supplementing the 
monitored profile with potentially toxic elements that may 
represent the level of environmental contamination in both 
animals and humans.

Acknowledgements The research was financially supported by projects 
VEGA 1/0038/19, VEGA 1/0539/18, APVV‑16‑0289, and APVV‑19‑
0243. This study was supported by the Operational programme – Inte‑
grated Infrastructure within the project: Demand‑driven research for 
the sustainable and in‑novative food, Drive4SIFood 313011V336, co‑
financed by the European Regional Development Fund and Operational 
Programme Integrated Infrastructure within the project: Sustainable smart 
farming systems taking into account the future challenges 313011W112, 
cofinanced by the Euro‑pean Regional Development Fund.

Author Contribution Conceptualization—MJ, MM, PM, RS Experi‑
mental design—MJ, MM, MH, PM, RS Writing—original draft 
preparation—MJ, MM, PM Sample collection—MJ, MM, MH Jr., FT 
Sample analysis—MJ, MM, MH Jr., FT, MB‑A, MA Completing the 
MS—MJ, MM, PM, RS, MB‑A, AK Methodology—MB‑A, MA, RS, 
AK, PM Review and editing—PM, RS, MH, MJ Statistical analysis—
AK, MM Supervision—PM, MH Funding—PM, MH.

Funding Open access funding provided by The Ministry of Educa‑
tion, Science, Research and Sport of the Slovak Republic in coop‑
eration with Centre for Scientific and Technical Information of the 
Slovak Republic. The research was financially supported by Scientific 
Grant Agency Ministry of Education, Science, Research and Sport 
of the Slovak Republic and Slovak Academy of Sciences (VEGA 
1/0698/22), Slovak Research and Development Agency (APVV‑16–
0289, APVV‑21–0168), and Cultural and Educational Grant Agency 
Ministry of Education, Science, Research and Sport of the Slovak 
Republic (KEGA 035SPU‑4/2023). This study was supported by the 
Operational Programme Integrated Infrastructure within the project: 
Sustainable smart farming systems taking into account the future chal‑
lenges 313011W112, co‑financed by the European Regional Develop‑
ment Fund.

Data Availability The datasets used and analysed during this study were 
available from the corresponding author upon request.

Declarations 

Ethics Approval For this type of study, in which wool samples were 
collected after the standard shearing procedure with the preservation 
of animal welfare, the approval of this study did not require an ethics 
committee.

Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri‑
bution 4.0 International License, which permits use, sharing, adapta‑
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Ramı́rez‑Pérez AH, Buntinx SE, Tapia‑Rodrı́guez C, Rosiles R (2000) 
Effect of breed and age on the voluntary intake and the micromin‑
eral status of non‑pregnant sheep. Small Ruminant Research 37:223–
229. https:// doi. org/ 10. 1016/ S0921‑ 4488(99) 00141‑8

 2. Knazicka Z, Bihari M, Janco I et al (2024) Blood concentration 
of macro‑ and microelements in women who are overweight/obe‑
sity and their associations with serum biochemistry. Life 14:465. 
https:// doi. org/ 10. 3390/ life1 40404 65

 3. Capcarova M, Frigenti M, Arvay J et al (2024) Levels of essential 
and trace elements in mozzarella available on the Slovak market 
with the estimation of consumer exposure. Biol Trace Elem Res 
202:2357–2366. https:// doi. org/ 10. 1007/ s12011‑ 023‑ 03813‑x

 4. Kovacik A, Tvrda E, Tomka M et al (2023) Seasonal assessment 
of selected trace elements in grass carp (Ctenopharyngodon 
idella) blood and their effects on the biochemistry and oxidative 
stress markers. Environ Monit Assess 195:1522. https:// doi. org/ 
10. 1007/ s10661‑ 023‑ 12152‑2

 5. Kirchner R, Kirchnerová S, Tirpák F et al (2023) Biogenic ele‑
ments and heavy metals in Hermann’s tortoises—Testudo her‑
manni: effect on serum biochemistry and oxidative status param‑
eters. Animals 13:2218. https:// doi. org/ 10. 3390/ ani13 132218

 6. Tirpák F, Halo M, Tomka M et al (2022) Sperm quality affected 
by naturally occurring chemical elements in bull seminal plasma. 
Antioxidants 11:1796. https:// doi. org/ 10. 3390/ antio x1109 1796

 7. Massányi P, Massányi M, Madeddu R et al (2020) Effects of cad‑
mium, lead, and mercury on the structure and function of reproduc‑
tive organs. Toxics 8:94. https:// doi. org/ 10. 3390/ toxic s8040 094

 8. Massanyi P, Stawarz R, Halo M et al (2014) Blood concentration of 
copper, cadmium, zinc and lead in horses and its relation to hema‑
tological and biochemical parameters. J Environ Sci Health, Part A 
49:973–979. https:// doi. org/ 10. 1080/ 10934 529. 2014. 894322

 9. Kovacik A, Arvay J, Tusimova E et al (2017) Seasonal vari‑
ations in the blood concentration of selected heavy metals in 
sheep and their effects on the biochemical and hematological 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0921-4488(99)00141-8
https://doi.org/10.3390/life14040465
https://doi.org/10.1007/s12011-023-03813-x
https://doi.org/10.1007/s10661-023-12152-2
https://doi.org/10.1007/s10661-023-12152-2
https://doi.org/10.3390/ani13132218
https://doi.org/10.3390/antiox11091796
https://doi.org/10.3390/toxics8040094
https://doi.org/10.1080/10934529.2014.894322


1896 M. Janíček et al.

parameters. Chemosphere 168:365–371. https:// doi. org/ 10. 
1016/j. chemo sphere. 2016. 10. 090

 10. Enne N, Leita L, Giardini I, Sequi P (1989) Studies on the 
relationship between the level of environmental pollution with 
heavy metals and their accumulation in tissues of sheep. Med 
Weter 45:565–568

 11. Seidel S (2001) Assessment of commercial laboratories per‑
forming hair mineral analysis. JAMA 285:67. https:// doi. org/ 
10. 1001/ jama. 285.1. 67

 12. Al‑Delaimy WK (2002) Hair as a biomarker for exposure to 
tobacco smoke. Tob Control 11:176–182. https:// doi. org/ 10. 
1136/ tc. 11.3. 176

 13. Squadrone S, Robetto S, Orusa R et al (2022) Wildlife hair 
as bioindicators of metal exposure. Biol Trace Elem Res 
200:5073–5080. https:// doi. org/ 10. 1007/ s12011‑ 021‑ 03074‑6

 14. Agradi S, Munga A, Barbato O et al (2023) Goat hair as a 
bioindicator of environmental contaminants and adrenal acti‑
vation during vertical transhumance. Front Vet Sci 10:1274081. 
https:// doi. org/ 10. 3389/ fvets. 2023. 12740 81

 15. González‑Gómez X, Cambeiro‑Pérez N, Figueiredo‑González 
M, Martínez‑Carballo E (2021) Wild boar (Sus scrofa) as bioin‑
dicator for environmental exposure to organic pollutants. Che‑
mosphere 268:128848. https:// doi. org/ 10. 1016/j. chemo sphere. 
2020. 128848

 16. Brummer‑Holder M, Cassill BD, Hayes SH (2020) interrela‑
tionships between age and trace element concentration in horse 
mane hair and whole blood. J Equine Vet 87:102922. https:// 
doi. org/ 10. 1016/j. jevs. 2020. 102922

 17. Rosendahl S, Anturaniemi J, Vuori KA et al (2022) Diet and 
dog characteristics affect major and trace elements in hair and 
blood of healthy dogs. Vet Res Commun 46:261–275. https:// 
doi. org/ 10. 1007/ s11259‑ 021‑ 09854‑8

 18. Parlato M, Valenti F, Midolo G, Porto S (2022) Livestock wastes 
sustainable use and management: assessment of raw sheep wool 
reuse and valorization. Energies 15:3008. https:// doi. org/ 10. 
3390/ en150 93008

 19. Gebel T, Kevekordes S, Schaefer J et al (1996) Assessment 
of a possible genotoxic environmental risk in sheep bred on 
grounds with strongly elevated contents of mercury, arsenic and 
antimony. Mutation Research/Genetic Toxicology 368:267–274. 
https:// doi. org/ 10. 1016/ S0165‑ 1218(96) 90068‑3

 20. Starkova O, Sabalina A, Voikiva V, Osite A (2022) Environmental 
effects on strength and failure strain distributions of sheep wool 
fibers. Polymers 14:2651. https:// doi. org/ 10. 3390/ polym 14132 651

 21. Shen X, Min X, Zhang S et al (2020) Effect of heavy metal con‑
tamination in the environment on antioxidant function in Wumeng 
Semi‑fine wool sheep in Southwest China. Biol Trace Elem Res 
198:505–514. https:// doi. org/ 10. 1007/ s12011‑ 020‑ 02081‑3

 22. Baars AJ, Van Beek H, Spierenburg ThJ et al (1988) Environmental 
contamination by heavy metals and fluoride in the Saeftinge salt 
marsh (The Netherlands) and its effect on sheep. Veterinary Quar‑
terly 10:90–98. https:// doi. org/ 10. 1080/ 01652 176. 1988. 96941 55

 23. Dove H (2010) Balancing nutrient supply and nutrient require‑
ments in grazing sheep. Small Rumin Res 92:36–40. https:// doi. 
org/ 10. 1016/j. small rumres. 2010. 04. 004

 24. Szigeti E, Kátai J, Komlósi I et al (2020) Newly grown wool 
mineral content response to dietary supplementation in sheep. 
Animals 10:1390. https:// doi. org/ 10. 3390/ ani10 081390

 25. Hawkins DP, Ragnarsdóttir KV (2009) The Cu, Mn and Zn con‑
centration of sheep wool: influence of washing procedures, age 
and colour of matrix. Sci Total Environ 407:4140–4148. https:// 
doi. org/ 10. 1016/j. scito tenv. 2009. 02. 020

 26. Jutha N, Jardine C, Schwantje H et al (2022) Evaluating the 
use of hair as a non‑invasive indicator of trace mineral status 
in woodland caribou (Rangifer tarandus caribou). PLoS ONE 
17:e0269441. https:// doi. org/ 10. 1371/ journ al. pone. 02694 41

 27. Musilova J, Franková H, Lidiková J et al (2022) Impact of old envi‑
ronmental burden in the Spiš region (Slovakia) on soil and home‑
grown vegetable contamination, and health effects of heavy metals. 
Sci Rep 12:16371. https:// doi. org/ 10. 1038/ s41598‑ 022‑ 20847‑8

 28. Fedorková S, Musilová J, Harangozo L, et al (2023) The risk of 
forest fruits contamination by heavy metals in the Horehronie 
region (Slovakia). J Microbiol Biotechnol Food Sci 13:e10068. 
https:// doi. org/ 10. 55251/ jmbfs. 10068

 29. Kocan A, Petrik J, Jursa S et al (2001) Environmental contamina‑
tion with polychlorinated biphenyls in the area of their former 
manufacture in Slovakia. Chemosphere 43:595–600. https:// doi. 
org/ 10. 1016/ S0045‑ 6535(00) 00411‑2

 30. Almášiová S, Toman R, Pšenková M et al (2024) Toxic elements 
in sheep milk, whey, and cheese from the environmentally bur‑
dened area in Eastern Slovakia and health risk assessment with 
different scenarios of their consumption. Toxics 12:467. https:// 
doi. org/ 10. 3390/ toxic s1207 0467

 31. Kovacik A, Helczman M, Arvay J, et  al (2024) Microele‑
ments, fatty acid profile, and selected biomarkers in grass carp 
(Ctenopharyngodon idella) muscle tissue: seasonal variations and 
health risk assessment. Biol Trace Elem Res 38724838. https:// 
doi. org/ 10. 1007/ s12011‑ 024‑ 04190‑9

 32. Kirchner R, Kirchnerová S, Tirpák F et al (2023) Biogenic ele‑
ments and heavy metals in Hermann’s tortoises‑Testudo hermanni: 
effect on serum biochemistry and oxidative status parameters. 
Animals (Basel) 13:2218. https:// doi. org/ 10. 3390/ ani13 132218

 33. Tirpák F, Halo M, Tomka M et al (2022) Sperm quality affected by 
naturally occurring chemical elements in bull seminal plasma. Anti‑
oxidants (Basel) 11:1796. https:// doi. org/ 10. 3390/ antio x1109 1796

 34. Massányi P, Massányi M, Madeddu R et al (2020) Effects of cad‑
mium, lead, and mercury on the structure and function of reproduc‑
tive organs. Toxics 8:94. https:// doi. org/ 10. 3390/ toxic s8040 09436

 35. Janicka M, Binkowski ŁJ, Błaszczyk M et al (2015) Cadmium, 
lead and mercury concentrations and the influence on morpho‑
logical parameters in blood donors from different age groups from 
Southern Poland. J Trace Element Med Biol 29:342–346. https:// 
doi. org/ 10. 1016/j. jtemb. 2014. 10. 002

 36. Binkowski ŁJ, Błaszczyk M, Przystupińska A et al (2019) Metal 
concentrations in archaeological and contemporary mussel shells 
(Unionidae): reconstruction of past environmental conditions and 
the present state. Chemosphere 228:756–761. https:// doi. org/ 10. 
1016/j. chemo sphere. 2019. 04. 190

 37. Maugh TH (1978) Hair: a diagnostic tool to complement blood 
serum and urine. Science 202:1271–1273. https:// doi. org/ 10. 1126/ 
scien ce. 725602

 38. Patkowska‑Sokoła B, Dobrzański Z, Osman K et al (2009) The 
content of chosen chemical elements in wool of sheep of different 
origins and breeds. Arch Anim Breed 52:410–418. https:// doi. org/ 
10. 5194/ aab‑ 52‑ 410‑ 2009

 39. Izydorczyk G, Mironiuk M, Baśladyńska S et al (2021) Hair min‑
eral analysis in the population of students living in the Lower 
Silesia region (Poland) in 2019: comparison with biomonitoring 
study in 2009 and literature data. Environ Res 196:110441. https:// 
doi. org/ 10. 1016/j. envres. 2020. 110441

 40. Kim HY, Lee JY, Yang HR (2016) nutrient intakes and hair min‑
eral contents of young children. Pediatr Gastroenterol Hepatol 
Nutr 19:123. https:// doi. org/ 10. 5223/ pghn. 2016. 19.2. 123

 41. Combs DK, Goodrich RD, Meiske JC (1982) mineral concentra‑
tions in hair as indicators of mineral status: a review. J Anim Sci 
54:391–398. https:// doi. org/ 10. 2527/ jas19 82. 54239 1x

 42. Toman R, Pšenková M, Imrich I, et al (2021) Essential and non‑
mutagenic elements in raw ewe milk. Sci Tech Innov 14:34–44. 
https:// doi. org/ 10. 55225/ sti. 316

 43. Pšenková M, Toman R (2021) Determination of essential and 
toxic elements in raw sheep’s milk from area of Slovakia with 

https://doi.org/10.1016/j.chemosphere.2016.10.090
https://doi.org/10.1016/j.chemosphere.2016.10.090
https://doi.org/10.1001/jama.285.1.67
https://doi.org/10.1001/jama.285.1.67
https://doi.org/10.1136/tc.11.3.176
https://doi.org/10.1136/tc.11.3.176
https://doi.org/10.1007/s12011-021-03074-6
https://doi.org/10.3389/fvets.2023.1274081
https://doi.org/10.1016/j.chemosphere.2020.128848
https://doi.org/10.1016/j.chemosphere.2020.128848
https://doi.org/10.1016/j.jevs.2020.102922
https://doi.org/10.1016/j.jevs.2020.102922
https://doi.org/10.1007/s11259-021-09854-8
https://doi.org/10.1007/s11259-021-09854-8
https://doi.org/10.3390/en15093008
https://doi.org/10.3390/en15093008
https://doi.org/10.1016/S0165-1218(96)90068-3
https://doi.org/10.3390/polym14132651
https://doi.org/10.1007/s12011-020-02081-3
https://doi.org/10.1080/01652176.1988.9694155
https://doi.org/10.1016/j.smallrumres.2010.04.004
https://doi.org/10.1016/j.smallrumres.2010.04.004
https://doi.org/10.3390/ani10081390
https://doi.org/10.1016/j.scitotenv.2009.02.020
https://doi.org/10.1016/j.scitotenv.2009.02.020
https://doi.org/10.1371/journal.pone.0269441
https://doi.org/10.1038/s41598-022-20847-8
https://doi.org/10.55251/jmbfs.10068
https://doi.org/10.1016/S0045-6535(00)00411-2
https://doi.org/10.1016/S0045-6535(00)00411-2
https://doi.org/10.3390/toxics12070467
https://doi.org/10.3390/toxics12070467
https://doi.org/10.1007/s12011-024-04190-9
https://doi.org/10.1007/s12011-024-04190-9
https://doi.org/10.3390/ani13132218
https://doi.org/10.3390/antiox11091796
https://doi.org/10.3390/toxics804009436
https://doi.org/10.1016/j.jtemb.2014.10.002
https://doi.org/10.1016/j.jtemb.2014.10.002
https://doi.org/10.1016/j.chemosphere.2019.04.190
https://doi.org/10.1016/j.chemosphere.2019.04.190
https://doi.org/10.1126/science.725602
https://doi.org/10.1126/science.725602
https://doi.org/10.5194/aab-52-410-2009
https://doi.org/10.5194/aab-52-410-2009
https://doi.org/10.1016/j.envres.2020.110441
https://doi.org/10.1016/j.envres.2020.110441
https://doi.org/10.5223/pghn.2016.19.2.123
https://doi.org/10.2527/jas1982.542391x
https://doi.org/10.55225/sti.316


1897Content of Biogenic Elements in Sheep Wool by the Regions of Slovakia  

environmental burden. Biol Trace Elem Res 199:3338–3344. 
https:// doi. org/ 10. 1007/ s12011‑ 020‑ 02452‑w

 44. Fazio F, Gugliandolo E, Nava V et al (2020) Bioaccumulation of min‑
eral elements in different biological substrates of athletic horse from 
Messina. Italy Animals 10:1877. https:// doi. org/ 10. 3390/ ani10 101877

 45. Almášiová S, Toman R, Pšenková M, et al (2023) Concentrations 
of chemical elements in sheep milk from three farms in Slovakia 

from areas with different environmental burden. J microb biotech 
food sci e9971. https:// doi. org/ 10. 55251/ jmbfs. 9971

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s12011-020-02452-w
https://doi.org/10.3390/ani10101877
https://doi.org/10.55251/jmbfs.9971

	Content of Biogenic Elements in Sheep Wool by the Regions of Slovakia
	Abstract
	Introduction
	Materials and Methods
	Sample Collection 
	Preparation of the Samples
	Analyses of Biogenic Elements
	Statistical Analysis

	Results
	Discussion
	Conclusion
	Acknowledgements 
	References


