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combined cadmium-zinc 
interactions alter manganese, lead, 
copper uptake by Melissa officinalis
Dorota Adamczyk-Szabela1*, Katarzyna Lisowska1, Zdzisława Romanowska-Duda2 & 
Wojciech M. Wolf1

farmland soil typical for the polish rural environment was used in pot experiment to estimate the 
impact of cadmium and zinc on the manganese, lead and copper uptake by lemon balm (Melissa 
officinalis L). Bioavailable and total forms of investigated metals in soil and metal concentrations in 
plants were determined by atomic absorption spectrometry. the plant photosynthesis indicators were 
also examined. Intensification of photosynthesis upon the high zinc and cadmium soil supplementation 
was observed. This effect was not detected at low metal concentrations. ANOVA proved that cadmium 
and zinc treatments influenced manganese, lead and copper transfer from soil and their concentration 
in plants. Zinc uptake and accumulation in either roots or above-ground parts in plant was inversely 
proportional to cadmium concentration in soil. Manganese concentration in roots decreased upon the 
soil supplementation with either zinc or cadmium. it suggests that the latter ions are transported via 
symplastic pathways and compete with manganese for similar transporters. the opposite situation was 
observed for lead and copper. Soil supplementation with cadmium and zinc affects manganese, lead 
and copper concentrations and photosynthesis intensity in lemon balm plant. the following combined 
interactions in either normal or stress conditions are important indicators of the migration pathways.

Cultivation of herbs being used in medicine and food production has been continuously growing for years. 
Nowadays, it has become an important sector of contemporary agriculture. Conventional farming helps to assure 
the proper uniformity and structure of particular plants. On the other hand, fertilized and chemically treated 
farmland soils are not free from heavy metals1,2. They may be taken and further accumulated by herbs in a com-
plex processes influenced by many factors such as plant species, genotype, availability, and mobility of metals 
in soil, soil properties, and the biochemical processes involving the microbial activity at the rhizosphere level. 
The herb fertility and yield as defined by biomass production and plant growth rates are strongly related to the 
intensity of photosynthesis. This process may be easily inhibited by metal absorption. In particular, heavy metals 
prompt the hydrolysis of chlorophyll, influence the rate of transpiration by opening and closing stomata and 
reduce the number and volume of chloroplasts3,4.

Several heavy metals are hazardous materials with the toxicity directly related to their content and constitu-
tion in soil or plant body5,6. Critical deficiencies and critical concentrations in plants are summarized in Table S1. 
Herbs are usually administered over extended time. Therefore, even small heavy metal doses as present in particu-
lar plant may accumulate in patient body and should not be left without attention7,8.

Lemon balm is perennial (Lamiaceae family) widely cultivated worldwide. It is extensively used as either 
medicinal plant or versatile culinary herb9. It is native to the eastern Mediterranean and western Asia regions 
but is also grown in the central area of Europe10. Oil extracted from Melissa officinalis L. plants demonstrates 
wide antiviral, antibacterial, antidepressant and antispasmodic activities11. Its composition and therapeutic value 
depends strongly on the field agricultural practices and the harvesting season. Additionally, environment of the 
plantations including heavy metal levels should carefully controlled12.

In this publication we show the mutual influence of zinc and cadmium on manganese, lead and copper uptake 
by the lemon balm (Melissa officinalis L.). Both former metals are prone to associated interactions13,14. Their 
impact on heavy metals uptake by plants has not been investigated so far. Zinc is an essential metal5 while cad-
mium is widely regarded as being toxic for plants15. These two metals show high level of chemical similarity and 
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their divalent cations are readily taken by plants. Zinc and cadmium cross interactions are well recognized and 
thoroughly reported16,17. Their concentrations were chosen upon our preliminary experiments on herbal plants 
and are below toxicity values as suggested by: Kabata-Pendias and Pendias18; Lux et al.19; White and Brown20.

While it is generally accepted that zinc status plays an important role in the cadmium accumulation by crop 
plants21 the molecular mechanism of this process is not fully understood as yet13. In fact, the emerging picture is 
far from the simplicity and either agonistic or antagonistic effects were reported17. In particular, the combined 
zinc and cadmium mutual impact on the manganese, lead and copper accumulation and migration in plants has 
been scarcely investigated so far.

Material and Methods
Analysis of soil used for the plants cultivation. Soil samples were collected in June 2016 according to 
the procedure as in22 on the lemon balm plantation located at the Łagiewniki allotment area (51°51′N, 19°28′E). 
Soil was dried and further sieved through a 2 mm stainless steel sieve. The potentiometric method was used to 
measure soil pH in 1 mol L−1 KCl solution23. The organic matter content in soil was determined gravimetrically by 
the mass loss at 550 °C24,25. Bioavailable forms of manganese, lead, copper, cadmium and zinc were determined in 
0.5 mol L−1 HCl extracts26. 2.0000 g of soil (ground in a porcelain mortar and sifted through a 2 mm stainless steel 
sieve) were placed in plastic beakers and 100.0 ml of 0.5 L−1 HCl were added. Then the contents was stirred with a 
magnetic agitator for 0.5 hour at a rate of about 40 rev/min and subsequently left until the next day. The solutions 
were then passed through a medium cellulose filter and the first part of the filtrate was rejected. The pseudo-total 
metals content was determined by the microwave mineralization of soil (0.5000 g) in mixture of concentrated 
HNO3 (6 mL) and HCl (2 mL) in a close system (Anton Paar Multiwave 3000 apparatus). Manganese, lead, cop-
per, cadmium and zinc contents were determined by flame atomic absorption spectrometry (FAAS) with the GBC 
Scientific Equipment 932 plus instrument.

preparation of lemon balm plant material. Plants were cultivated under laboratory conditions by the 
pot method27,28. Seeds purchased from P.H. Legutko company, Poland were applied. The complete arrangement 
consisted of nine series of cultures with five pots giving forty five samples altogether. A single pot contained 200 g 
of soil. The first series was cultivated as a reference without metals addition. The remaining eight series were 
augmented with Cd(NO3)2 and Zn(NO3)2 solutions to give the following metal concentrations in soil: (I) control; 
(II) 2 µg g−1 Cd; (III) 8 µg g−1 Cd; (IV) 50 µg g−1 Zn; (V) 300 µg g−1 Zn; (VI) 2 µg g−1 Cd and 50 µg g−1 Zn; (VII) 
2 µg g−1 Cd and 300 µg g−1 Zn; (VIII) 8 µg g−1 Cd and 50 µg g−1 Zn; (IX) 8 µg g−1 Cd and 300 µg g−1 Zn. Soil in each 
pot was carefully mixed. Approximately 100 seeds (0.1 g) were sown in each pot. All plants were cultivated in a 
greenhouse with controlled conditions: temperatures 23 ± 2 °C (day) and 16 ± 2 °C (night); 70–75% humidity; 
photosynthetic active radiation (PAR) during the 16 h photoperiod −400 µmol m−2 s−1. Deionized water was used 
for watering. During cultivation plants were carefully observed for toxicity symptoms. After three months, all 
herbs were cut, the roots were separated and washed with distilled water. Fresh biomass of above - ground parts 
and roots was measured. The dry biomass was measured after drying plants at 45 °C to constant weight.

Metal concentration determination in lemon balm plants. The dried lemon balm samples (0.5 g) 
were digested in a microwave automatic closed system (Anton Paar Multiwave 3000). Concentrated HNO3 (6 mL) 
and HCl (1 mL) acid solutions were applied. The manganese, lead, copper, cadmium and zinc concentrations were 
measured by FAAS or graphite furnace atomic absorption spectrometry (GFAAS) with the Scientific Equipment 
GBC 932 plus and GBC, SensAA apparatus, respectively. The certified references material INCT-MPH-2 (mixture 
of selected Polish herbs) was used to control results of analyses29.

Growth and physiological activity of plants. Plant height was determined starting from the soil sur-
face up to the highest part of the leaf. The leaf absorbance in the red and near-infrared regions was measured to 
determine the chlorophyll content (Konica Minolta SPAD-502, Japan). The activity of net photosynthesis (PN), 
stomatal conductance (GS), intercellular concentration of carbon dioxide (Ci), and transpiration (E) were meas-
ured with the gas analyzer TPS-2 (Portable Photosynthesis System, USA)30–33. Analyses were repeated three times 
on separate plants.

Additionally, all herb series were further evaluated with the bonitation score. The visual score of plants is an 
average of three independent assessments made by persons according to the scale ranged in value from 0 to 5. 
The former refers to plants which are completely dried out, without green leaves while the latter indicates well 
developed green species of the best quality34.

Bioaccumulation, translocation factors and transfer coefficient. Metals uptake by plants was esti-
mated by transfer coefficients (TC) and bioaccumulation factors (BAF). They represent ratios of specific element 
contents in root and shoot related to its concentration in soil35–37. Metal migration in the plant was evaluated by 
the translocation factor (TF) which is the ratio of element content in above ground part of the plant to that in 
roots38–41.

Data analysis. All analyses were repeated five times. Bartlett’s and Hartley’s tests were used to confirm the 
equality of investigated population variance (STATISTICA 10 PL package). Normality of the date was tested using 
the Shapiro-Wilk test42,43. One-way analysis of variance (ANOVA) was used to identify significant differences in 
concentrations of manganese, lead and copper in Melissa officinalis cultivated in soils augmented with diverse 
zinc or cadmium doses. Two-way ANOVA was used to evaluate the combined effect of the cadmium or zinc sup-
plementation in soil on the accumulation of manganese, lead and copper by roots and above ground parts of the 
plant. All calculations were performed at the 0.95 probability level.
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Results
Results of the soil analysis including total and bioavailable manganese, lead, copper, cadmium and zinc content 
are summarized in Table 1.

Investigated soil is acidic. The organic matter content is 26% and shows the organic character of the soil44,45. 
Concentrations of metals in the soil indicate that it is not contaminated with these elements46,47.

Metal concentrations and contents in either roots or above-ground parts of the lemon balm plants cultivated 
in soil treated with cadmium, zinc or mixtures of both metals are visualized in Fig. 1. For comparison, the lit-
erature toxicity values for above ground parts of plants are summarized in Table S1. Metal concentrations as 
determined in Melissa officinalis are below those limits. However, plants cultivated on soil augmented with either 
cadmium or zinc approach toxicity concentrations, in particular when both metals are administrated to soil. 
Metals content defined as a product of concentration and biomass of particular plant follow the metal concen-
tration distribution. Exceptions involve manganese and lead contents in plants grown on soils augmented with 
cadmium at either 2 or 8 µg g−1 and may be attributed to the biomass increase.

A one-way ANOVA at 0.95 probability level was used to evaluate effect of all treatments applied on the con-
centrations of heavy metals in Melissa officinalis (Table 2). Calculations showed that both metals affect man-
ganese, lead and copper concentrations in investigated plants. However, a few exceptions have been observed. 
In particular, cadmium supplementation at either 2 or 8 µg g−1 level did not alter copper content in roots while 
increasing its concentration in above-ground parts of the plant. In the same time, lead concentration in the latter 
did not change. Combined zinc and cadmium treatments did not affect manganese and lead in roots at either 
2 µg g−1 Cd+ 300 µg g−1 Zn or 8 µg g−1 Cd+ 300 µg g−1 Zn supplementations, respectively. The former adminis-
tration did not alter manganese level as determined in the plant body. Either 300 µg g−1 Zn or combined 8 µg g−1 
Cd+ 300 µg g−1 Zn additions did not modify the lead content in roots while decreasing its concentration in the 
above-ground parts.

Moreover, the two-way ANOVA (Table 3) unequivocally indicates that combined cadmium - zinc interactions 
significantly alter manganese, lead and copper uptake by Melissa officinalis.

Analysis of the certified reference material is given in Table S2. Melissa officinalis cultivated in the untreated 
reference soil accumulated investigated metals mostly in roots. The important exception is manganese which to a 
large extent migrates to above ground parts of the plant. The zinc supplementation at either 50 µg g−1 or 300 µg g−1 
has only limited influence on the lead, cadmium and copper accumulation in the plant body. Interestingly, the 
cadmium administration reduced zinc uptake by roots and its further transport to above-ground parts of the 
Melissa officinalis plant as compared to that in a control sample. The other metals behaved in a more complex way.

Interestingly, zinc uptake and its accumulation in either roots or aboveground parts of the plant is inversely 
proportional to the cadmium concentration in soil. The reverse effect, i.e. dependence of the cadmium uptake 
upon zinc variations in soil was hardly observed. Mutual correlations between zinc and cadmium in soil and 
plant environment are well recognized and documented in the scientific literature21,48. However, the stability of 
the cadmium uptake upon zinc variation in soil has not been reported so far. Cadmium and zinc may influence 
either metals uptake from the soil environment or their further migration within the plant body. The former may 
be conveniently analyzed by the TC, while the latter is usually described by the TF. Transport of metals from soil 
to above ground parts of plant may be assessed by the BAF (Fig. 2).

TCs calculated for lemon balm plants cultivated in the reference, untreated soil follow the series 
Cd > Zn > Cu > Pb > Mn. This order is not significantly affected by either zinc or cadmium soil treatments. The 
only exception results from the cadmium applied at the low 2 µg g−1 rate. It interchanges positions of zinc and 
lead. TFs for untreated soil follow the order Mn > Pb > Cu > Zn > Cd. Cadmium added to soil at 2 and 8 µg g−1 
changes position of copper, zinc and lead in both series (Mn > Cu > Zn > Pb > Cd and Mn > Cu > Pb > Zn > Cd, 
respectively). Either zinc or cadmium prompt manganese migration to the above ground part of the plant as is 
clearly indicated by all relevant TFs which are higher than unity. Copper and lead accumulation was decreased 
in those experimental conditions. BAFs calculated for lemon balm plants cultivated in the untreated soil are in 

Analysis Results

Soil pH 5.7

Organic matter 26%

Metal content

Total
µg g−1

Bioavailable
µg g−1

Manganese

157 ± 4 104 ± 4

Lead

16.2 ± 0.4 9.39 ± 0.34

Copper

9.65 ± 0.5 3.48 ± 0.06

Cadmium

0.92 ± 0.04 0.58 ± 0.04

Zinc

26.6 ± 1.6 13.5 ± 0.8

Table 1. Results of soil analysisa. an = 5; p = 95%, n- number of samples, p – confidence level.
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the order Zn > Pb > Cu > Cd > Mn. Surprisingly, all applied cadmium and zinc supplementations changed that 
order extensively.

Metal uptake by plants strongly depends on their health status and should not be discussed without con-
nection to the plant growth28. The latter was evaluated by the standard photosynthesis indicators i.e. index of 
chlorophyll content in leaves, the activity of net photosynthesis, stomatal conductance, transpiration rate and 
intercellular concentration of CO2 (Fig. 3).

Those parameters showed that lemon balm plants exhibited diverse photosynthesis activity. Additionally, all 
herb series were further evaluated with the height of the plant, their biomass and the bonitation score (Fig. 4). 
The highest, good quality plants, were observed in samples subjected to 300 µg g−1 Zn supplementation. They 
also showed the biomass increase as compared to the control sample. The opposite situation was observed in 
soil administrated with 2 µg g−1 Cd where relatively short, low quality plants were characterized by a biomass 
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Figure 1. Copper, manganese, lead, cadmium, zinc concentrations (µg/g) and contents (µg) in Melissa 
officinalis plants cultivated in soil with cadmium and zinc supplementation.
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increase. On the contrary, plants grown in 8 µg g−1 Cd samples were higher, characterized with better quality and 
slightly smaller biomass. This result may be attributed to heavy stress defenses mechanism which are presumably 
triggered by higher concentrations of cadmium in soil49,50.

Melissa officinalis survived in the soil exposed to either cadmium or zinc and showed no significant toxicity 
symptoms such as necrosis or whitish-brown chlorosis. The only exception were plants cultivated in soils admin-
istrated with 2 µg g−1 Cd and 300 µg g−1 Zn where few small necrotic spots were detected in faded green leaves. 
A general decrease of the plant growth was observed in soil supplemented with cadmium. The lowest height was 
observed at the 2 µg g−1 Cd level. Alterations in the height of basil plants were quite well reflected by the respective 
photosynthesis indicators which decreased upon the cadmium administration. As expected, the only exception 
was intercellular CO2, its concentration increased upon the photosynthesis intensification. The opposite situation 
was in soil supplemented with high doses of cadmium and zinc altogether (8 µg g−1 Cd and 300 µg g−1 Zn). Plants 
cultivated in those conditions were characterized by the highest photosynthesis parameters among all observed 
in this study. Quite surprisingly, soil supplemented at lower cadmium and zinc levels (2 µg g−1 Cd and 50 µg g−1 
Zn) hampered the plants growth.

Discussion
Mutual zinc and cadmium uptake and migration in plants have been extensively studied so far51. Zinc is an essen-
tial while cadmium is a toxic metal. They usually play contradictive role in plant organisms. It has been widely 
documented that the cadmium toxicity may be reduced in the zinc presence52,53.

Li et al.54 showed that Cd and Zn interactions in water hyacinth are antagonistic in nature17, while Dudka et 
al.55, Nan et al.56 pointed out that these effect in spring wheat and corn may be synergistic. In the real soil environ-
ment these elements coexist together with plethora of heavy metals. Surprisingly, the issue of zinc and cadmium 
uptake and migration in the presence of environmentally important metals in the soil has not been tackled in a 
comprehensive way so far.

Metals approach root surface through the rhizosphere which is strongly influenced by soil microorganisms 
and the plant exudates57. The latter may chelate metal ions and hamper their further migration into the root58,59. 
Obviously ions may compete for chelating agents, however their concentrations are limited and therefore mutual 
competing interactions at this level are quite unlikely. The subsequent uptake by the root may be realized via non-
selective apoplastic or selective symplastic mechanismss60,61. The latter is as an energy-consuming transmembrane 

Roots Above-ground parts
Mn Pb Cu Mn Pb Cu
F = 380.9900
p = 4.93·10−8

F = 55.2476
p = 7.38·10−5

F = 3.1643
p = 1.13·10−1 2 µg g−1 Cd F = 4.0492

p = 7.9·10−2
F = 1.2602
p = 2.94·10−1

F = 15.5587
p = 4.69·10−3

F = 125.9063
p = 3.57·10−6

F = 0.7917
p = 4.00·10−1

F = 0.6687
p = 4.37·10−1 8 µg g−1 Cd F = 234.3878

p = 3.29·10−7
F = 0.5115
p = 4.94·10−1

F = 17.2189
p = 3.21·10−3

F = 742.3689
p = 3.55·10−9

F = 32.7123
p = 4.44·10−4

F = 18.0517
p = 2.80·10−3 50 µg g−1 Zn F = 163.7401

p = 1.31·10−6
F = 17.7759
p = 2.93·10−3

F = 57.1418
p = 6.55·10−5

F = 308.8545
p = 1.12·10−7

F = 0.1891
p = 6.75·10−1

F = 73.5561
p = 2.64·10−5 300 µg g−1 Zn F = 117.3275

p = 4.66·10−6
F = 7.5162
p = 2.53·10−2

F = 38.3496
p = 2.6·10−4

F = 682.2544
p = 4.96·10−9

F = 95.1858
p = 1.02·10−5

F = 0.2559
p = 6.26·10−1 2 µg g−1 Cd + 50 µg g−1 Zn F = 5.5039

p = 4.70·10−2
F = 28.5182
p = 6.94·10−4

F = 18.4651
p = 2.63·10−3

F = 4.075472
p = 7.82·10−2

F = 30.6529
p = 5.50·10−4

F = 5.3537
p = 4.94·10−2 2 µg g−1 Cd + 300 µg g−1 Zn F = 3.3982

p = 1,03·10−1
F = 48.4385
p = 1.17·10−4

F = 5.2446
p = 5.1·10−2

F = 609.2038
p = 7.76·10−9

F = 5.6958
p = 4.41·10−2

F = 293.4863
p = 1.37·10−7 8 µg g−1 Cd + 50 µg g−1 Zn F = 4.1984

p = 7.46·10−2
F = 2.2298
p = 1.73·10−1

F = 159.1287
p = 1.46·10−6

F = 40.4091
p = 2.19·10−4

F = 2.6093
p = 1.45·10−1

F = 146.2182
p = 2.02·10−6 8 µg g−1 Cd + 300 µg g−1 Zn F = 99.0050

p = 8.81·10−6
F = 21.9438
p = 1.57·10−3

F = 14.6867
p = 5.00·10−3

Table 2. One-way ANOVA for manganese, lead and copper contents in Melissa officinalis across eight soils 
supplementations. Critical Snedecor’s F value is Fcryt = 5.3176.

Source of 
variation df F p- value Test F

Roots

Samples 8 181.61 5.5∙10−59 2.0252

Metals 2 5503.31 2.1∙10−109 3.0803

Interactions 16 222.32 7.9∙10−75 1.7380

Above-ground parts

Samples 8 37.21 1.1∙10−27 2.0252

Metals 2 16610.60 3.7∙10−135 3.0803

Interactions 16 44.45 5.0∙10−40 1.7380

Table 3. Two-way ANOVA for manganese, lead and copper contents in Melissa officinalis across eight soils 
supplementations.
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pathway strongly dependent on metal transporter proteins. On the contrary, the apoplastic bypass, sometimes 
referred as a passive pathway, is correlated with transpiration62.

In this study we observed decrease of manganese concentration in roots upon the zinc and cadmium soil 
supplementation. We speculate that the latter ions are transported via symplastic pathways and compete with 
manganese for similar transporters. The opposite situation is observed for lead and copper. They are transported 
in a more specific way which is not directly available for zinc and cadmium. Uptake of the latter ions over the 
plasma membrane is mediated by family of the ZRT-IRT-like proteins19. The cadmium administration reduced 
zinc uptake and its further transport to above-ground parts of the plant what suggests that these two cations com-
pete with one another16. They enter root cells via a common transport system as initially indicated by Hart et al.63. 
However, there are also evidences64 that zinc and cadmium can use transporters with binding sites available for 
essential ions namely copper or manganese and strongly influence uptake of the latter. This idea is partially con-
firmed by our experiments which showed that zinc and cadmium supplementations induced substantial reduc-
tion of manganese either in roots or above ground parts of the Melissa officinalis plant. The only exceptions was 
observed for the combined 2 µg g−1 Cd + 300 µg g−1 Zn treatment. The picture for copper is not so clear indicating 
that its interactions with zinc and cadmium are not fully understood as yet and need further studies. Similar 
view is presented by Wang et al.65 who pointed out that for Ricinus communis L. cadmium and zinc influence 
on copper migration is indecisive and deserve more research in the subject. Crystal structure investigations of 
specific copper and zinc transporting P-type ATPases shed some light on this issue. Both structures have similar 
fold with an amphipathic helix at the membrane interface. Their architecture suggests a three-stage ion transport 
with putative ion entry point at the intracellular interface66,67. Lead uptake by roots is facilitated by low cadmium 
supplementation (2 µg·g−1) and hampered by small zinc doses. At higher supplementation level those both metals 

Figure 2. Transfer coefficient (a), translocation factor (b) and bioaccumulation factor (c) determined for 
Melissa officinalis plant cultivated in soil with cadmium and zinc supplementation.
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do not change lead uptake significantly as compared to the control sample. Unfortunately, the detail mechanism 
of lead uptake by plants is not fully understood as yet. Our results indicate that this mechanism may be zinc 
and cadmium dependent. Therefore we guess that specificity of lead uptake in soils supplemented with zinc and 
cadmium depends on concentrations of the latter metals. We observed striking intensification of photosynthesis 
upon high zinc and cadmium soil supplementation. This effect was not detected at low metals concentration. It 
indicates that similar to Cherif et al.16 experiments on tomato plants, zinc may become synergistic with cadmium 
at high concentrations. It can suppress cadmium uptake and subsequently decrease the oxidative stress induced 
by this metal. On the other hand, zinc is an important essential metal and micronutrient directly prompting the 
plant growth.

Figure 3. Net photosynthesis (PN), transpiration (E), stomatal conductance (GS), intercellular concentrate CO2 
(Ci) and index of chlorophyll content for lemon balm grown in soil without and metals treatment.
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conclusion
Our results unequivocally show that combined cadmium - zinc interactions alter manganese, lead, copper uptake 
by Melissa officinalis. This conclusion is of particular relevance when herbs are cultivated on soils with diver-
gent and not completely controlled heavy metals content. In particular, phosphorus fertilizers often contain high 
zinc and cadmium concentrations and may inflict important side effects, strongly affecting plant growth and 
metabolism.

Additive interactions which influence the heavy metals uptake in either normal or stress conditions are impor-
tant indicators of the migration pathways. Contemporary studies concentrate on mechanisms determined for 
either sole or pairs of heavy metals. In this work we enhanced this approach on several elements. Their combined 
interactions cannot be neglected. The maximum permissible concentrations (MPC) commonly used in either 
agriculture or environmental protection are based mostly on particular metals toxicities and do not acknowl-
edge for combined effects. This complicated issue has not been fully recognized by the environmental protection 
bodies at either national or European levels. Undoubtedly, it deserves attention and more research is needed to 
account for the combined, additive metal interactions in the environmental legal systems.
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