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Abstract
The anthropogenic impact of metals on aquatic environments is a risk for biota, and thus their levels must be controlled. Calli-
triche cophocarpa Sendtn. belongs to a genus with a potential for accumulation of elevated metal levels. Thus, it may provide 
consolidated evidence of contamination. Therefore, the aim of this investigation was to determine Cd, Co, Cr, Cu, Fe, Mn, 
Ni, Pb and Zn in this species collected together with water and bottom sediments from rivers with various levels of pollution. 
Of these rivers, one less polluted and one more polluted was selected for the collection of C. cophocarpa for an experiment 
to compare its Cu and Zn concentration potential. Both metals were supplemented at concentrations 0.01, 0.02, 0.03, 0.05, 
0.08 and 0.14 mg L−1 of Cu as CuSO4 × 5H2O and 0.4, 0.6, 0,9, 1,35, 2.03 and 3.04 mg L−1 of Zn as ZnSO4 × 7H2O, and in 
the binary design containing (mg·L−1) 0.01Cu + 0.4Zn, 0.02Cu + 0.6Zn, 0.03Cu + 0.9Zn, 0.05Cu + 1.4Zn, 0.08Cu + 2.03 Zn 
and 0.14Cu + 3.04Zn. The upper concentrations of Cr, Cu, Mn and Zn in C. cophocarpa shoots from both types of rivers as 
well as of Ni and Pb in shoots from more polluted rivers were higher than the values typical for toxicity thresholds with no 
visible harmful effects, which may indicate accumulation abilities of C. cophocarpa for these metals. Both roots and shoots 
of C. cophocarpa may be included in the group of macroconcentrators for bottom sediments with respect to Cd, Co, Cr, Cu, 
Fe, Mn, Ni and Zn and deconcentrators of Pb. Greater accumulation of most metals in roots than in shoots indicates their 
restricted mobility and translocation by C. cophocarpa to shoots. C. cophocarpa from the less polluted river and exposed to 
all experimental solutions contained significantly higher levels of Cu and Zn than that from the more polluted river exposed 
to identical experimental solutions. The plants collected from the more polluted river influenced by surplus of metals and 
living under chemical stress could probably limit further accumulation by developing a resistance mechanism. Cu and Zn 
contents in C. cophocarpa were higher when treated with separate metals than for binary treatment both in the more and 
less polluted river. Such research presenting the impact of a combination of metals could be important for understanding 
and explaining the interactions of these elements which may influence their bioavailability in nature as well as importance 
in the evaluation of the risk of environmental toxicity.
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Introduction

Contamination of aquatic habitats is a crucial problem 
of ecological interest because of its harmful influence on 
living organisms, their biodiversity and water cleanliness 
(Mountouris et al. 2002). The anthropogenic impact may 
seriously affect the ecological status of surface waters by 
producing different categories of pollution and creating 
an environmental hazard for aquatic biota (Nábĕlková 
et al. 2004). Investigation concerning flora in running 
waters may give knowledge on the quality of such sys-
tems (Martinez and Shu-Nyamboli 2011). Especially 
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aquatic macrophytes could be very useful in the bioindi-
cation but also in the bioremediation of toxic substances 
from polluted waters (Hansen et al. 2011; Harguinteguy 
et al. 2013). Dosnon-Olette et al. (2011) and Poklonov 
et al. (2021) presented these plants as a natural sink for 
contaminants able not only to remove them from the envi-
ronment but also to metabolise them, thus protecting the 
ecosystem from their impact. Among xenobiotics espe-
cially metals are important water pollutants. These ele-
ments are non-degradable, and once released they may not 
be removed by natural processes of decomposition, and 
therefore accumulate in biotic and abiotic parts of the eco-
system (Miretzky et al. 2004; Khazheeva et al. 2005; Bou-
det et al. 2011). Macrophytes are able to diminish the level 
of metals by accumulating them in their tissues (Martinez 
and Shu-Nyamboli 2011; Bácsi et al. 2014; Novák et al. 
2014). Thus, the metal content in aquatic vegetation is 
frequently much higher than in the environment (Miretzky 
et al. 2004). These plants may also serve as important 
identifiers of pollution sources (Berg and Steinnes 1997). 
Macrohydrophytes are immobile and constantly influenced 
by pollutants and thus may combine in their tissues varia-
tions in metal levels over time (Thiébaut et al. 2010). The 
load of metals concentrated by aquatic plants is crucially 
important for estimating the risk of environmental toxicity 
(Kabata-Pendias 2001; Nieder et al. 2004; Roy and Gunjan 
2010). There is also evidence that some species of aquatic 
plants may hyperaccumulate metals and thus may be use-
ful in remediation strategies (Brooks 1998; Favas et al. 
2014). Callitriche cophocarpa Sendtn. belongs to a genus 
with a potential for accumulation of elevated metal levels. 
For instance, C. stagnalis was reported as a good accu-
mulator of U reflecting the natural load of this element 
in mineralised areas (Favas et al. 2016). C. palustris has 
been shown as an accumulator of Cd, Cr, Cu, Fe, Ni, Pb 
and Zn in amounts corresponding to their concentrations 
in wastewaters (Poklonov et al. 2018). Furthermore C. 
cophocarpa is an efficient phytoremediator of Cd, Cr, Pb, 
Tl and Zn (Augustynowicz et al. 2010, 2016; Genchi et al. 
2021). This ability is probably caused by the content of 
phenolic compounds and provides high protection against 
metal-induced oxidative stress (Augustynowicz et  al. 
2014a,b). The biomass of this species was proposed as 
a biosorbent for trivalent chromium (Kyzioł-Komosińska 
et al. 2018). Investigations into the influence of contamina-
tion on aquatic macrophytes usually concern single met-
als. However, these plants are usually impacted by their 
combination, which may mitigate or amplify effects (Ince 
et al. 1999; Pivetz 2001; Haiyan 2003). This study aimed 
to evaluate Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Zn con-
tents in water, bottom sediments and C. cophocarpa from 
17 sites in small rivers with different contamination levels 
in SW Poland. A laboratory experiment was conducted to 

compare the influence of Cu and Zn (as prevailing met-
als in the chosen rives) after their single or combined 
application. The tested hypotheses were: binary Cu and 
Zn concentrations influencing C. cophocarpa may cause 
mitigating effects on the content of these metals in the 
species; C. cophocarpa collected from the more polluted 
river accumulates significantly more Cu and Zn than the 
same species from the less polluted river because it has 
developed adaptation to elevated levels of both elements.

Such research presenting the impact of a combination of 
metals could be important for understanding and explain-
ing the interactions of these elements which may influence 
their bioavailability in nature as well as importance in the 
evaluation of the risk of environmental toxicity (Stewart and 
Malley 1999; Kabata-Pendias 2001; Roy and Gunjan 2010).

Materials and methods

Sampling design

Seventeen rivers in western Poland with various levels of 
pollution were selected (Fig. 1; ESM 1a,b). In each of these 
rivers, three sampling sites were selected randomly. Samples 
of water, sediment and C. cophocarpa in three replications 
were collected. Macrophytes were washed in water of their 
sampling sites to remove any attached material and then 
shoots and roots were separated.

Water, bottom sediment and plant analysis

To determine total metal contents, water samples were acidi-
fied to pH ≤ 2 with ultra-pure HNO3 and filtered through 
0.45-μm glass microfibre filters (Ladislas et al. 2012). Fresh 
sediments were used for potentiometric pHH2O determi-
nations. Plants and bottom sediments were dried at 50 °C 
to constant weight. Plant samples were homogenised in a 
laboratory mill (IKA Labortechnik M20). Bottom sedi-
ments were homogenised using an agate mortar with a pes-
tle after removing any coarse material with a 2-mm sieve. 
Plant-available Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn in 
bottom sediments were assayed by extraction with 1 M 
ammonium acetate-EDTA (pH 4.65) for 30 min (10 g dry 
soil in 100 mL) (Cottenie et al. 1982). The total content of 
metals in sediments and plants (both shoots and roots) were 
evaluated using 300 mg of dry weight digested with 3 mL 
ultra-pure, 65% HNO3 and 2 mL ultra-pure 70% perchlo-
ric acid in a microwave oven (Speedwave Xpert Berghof). 
After dilution to 50 mL, the digests together with water 
samples were analysed for Fe, Mn and Zn using FAAS 
(Avanta PM from GBC) and Cd, Co, Cr, Cu, Ni and Pb using 
GFAAS (PinAAcle 900Z Perkin-Elmer Graphite Furnace 
Atomic Absorption Spectrometry). All the elements were 
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determined against standards (Atomic Absorption Standard 
Solution from Sigma Chemical Co.), and blanks containing 
the same matrix as the samples and were subjected to the 
same procedure. All analyses were done in triplicate, and 
all results for plants were calculated on a dry weight basis. 
The accuracy of the methods applied for the determination 
of the elements in the samples was checked by the analysis 
of Chestnut Soil, Bainaimao and Bayan Obo, Neil Mongol 
in China GBW07402 (GSS-2) and Poaceae (mixture) IPE 
952WEPAL Certified Reference Materials (Electronic Sup-
plementary Material ESM 2a,b).

Experimental setup

The experimental design was prepared based on inves-
tigations of Cegłowska et  al. (2016). Samples of C. 
cophocarpa were collected from relatively unpolluted 
(no. 1) and potentially polluted (no. 3) river sites (Fig. 1; 
ESM 1a,b). Raised levels of Cu and Zn were found in the 
polluted rivers and, therefore, both elements were selected 
for further laboratory experiments (as single metals and 
binary combinations). The preliminary experiment proved, 
similarly to the results of Cegłowska et al. (2016), that Cu 

was more toxic than Zn. Therefore, we decided not to use 
equal concentrations of Cu and Zn in the study. The solu-
tions of Cu and Zn were prepared as follows: 0.01, 0.02, 
0.03, 0.05, 0.08 and 0.14 mg L−1 of Cu as CuSO4 × 5H2O 
and 0.4, 0.6, 0,9, 1,35, 2.03 and 3.04 mg L−1 of Zn as 
ZnSO4 × 7H2O were used. In addition, mixed solu-
tions of both metals were prepared containing (mg·L−1) 
0.01Cu + 0.4Zn, 0.02Cu + 0.6Zn, 0.03Cu + 0.9Zn, 
0.05Cu + 1.4Zn, 0.08Cu + 2.03 Zn and 0.14Cu + 3.04Zn 
(Cegłowska et al. 2016). After 3 days of acclimatisation 
(Buta et al. 2014) in a 0.5% Hoagland nutrient solution 
at pH 6.0 (adjusted with 0.1 M HCl or NaOH) (Nyquist 
and Greger 2007; Sun et al. 2011), plants were cultivated 
in 1-L beakers covered with transparent plastic film at a 
solution temperature of about 21 °C according to Fritioff 
et al. (2005) and Cegłowska et al. (2016). Ten pieces of 
10 cm-long healthy-looking upper vegetative parts of C. 
cophocarpa shoots (Temel 2005) were placed in the 0.5% 
Hoagland solution with different concentrations of Cu, 
Zn or Cu + Zn. Control, with the 0.5% Hoagland solution 
and plants, and negative control, with the 0.5% Hoagland 
solution and the metals without plants, was prepared. The 
beakers were arranged randomly in five replicates for each 

Fig. 1   Location of the sampling 
sites; open circles: less polluted 
rivers, filled circles: more pol-
luted rivers
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treatment. Each group consisted of 8 sampling points 
(including two controls) × 3 metal combinations × 5 repli-
cates = 120 (Cegłowska et al. 2016). The plants were culti-
vated in a glasshouse under daylight for 7 days (Mal et al. 
2002; Wang et al. 2009). At the end of the experiment, the 
changes in Cu and/or Zn concentrations in the plants were 
determined using the methods presented above.

Statistical analysis

One-way ANOVA (p < 0.05) on Box-Cox transformed data 
was applied to calculate the differences among the metal 
concentrations in water, sediments and C. cophocarpa 
between the investigated rivers (Balabanova et al. 2017). 
Normality of the features was controlled by Shap-
iro–Wilk’s W test and homogeneity of variances was eval-
uated by the Brown-Forsythe test. The sites were divided 
into more and less polluted based on standardised Cu and 
Zn concentrations. The mean of the sum of the standard-
ised values of both elements was estimated. The decisive 
criterion established was the median value for standardised 
data equal to − 0.21. The less polluted sites were no 1, 2, 
4, 8, 9, 10, 15, 17 and the more polluted ones were no 3, 
5, 6, 7, 11, 12, 13, 14 and 16 (Fig. 1; ESM 1a,b). Metal 
concentrations in C. cophocarpa shoots and roots between 
less and more polluted rivers as well as those between 
shoots and roots were compared with the Wilcoxon signed-
rank test (P < 0.05). The post hoc Tukey test was used to 
compare Cu or Zn contents in experimental C. cophocarpa 
when Cu, Zn and Cu + Zn were added (Zar 1999). Ele-
ment contents in experimental C. cophocarpa from less 
and more polluted rivers and with added metals (Cu + Zn 
versus Zn and Cu + Zn versus Cu) were compared with 
the t-test (Zar 1999). For evaluation of contamination of 
bottom sediments of C. cophocarpa, the contamination 
factor CF, contamination degree CD and pollution load 
index PLI (Håkanson 1980, Tomlinson et al. 1980) were 
calculated. The contamination factor for a selected metal 
CF = Cm/C0, where Cm is the metal content in sediment 
0, and C0 is the geochemical background value accord-
ing to Bojakowska (2001). The classes of sediment pollu-
tion based on contamination factor are as follows: CF < 1 
low contaminated, 1 ≤ CF < 3 moderately contaminated, 
3 ≤ CF < 6 significantly contaminated, and 6 ≤ CF heavily 
contaminated. Degree of contamination CD was calcu-
lated as the sum of contamination factors determined for 
individual metals, with the following classification range: 
CD < 8 low degree of contamination, 8 ≤ CD < 16 moder-
ate degree of contamination, 16 ≤ CD < 32 considerable 
degree of contamination, 32 < CD very high degree of con-
tamination indicating serious anthropogenic pollution. The 
pollution load index was calculated of all multiplicated 
CF values for analysed metals as follows: PLI = (CFm1 × 

CFm2 × CFm3 × … × CFn)1/n. The general toxicity condition 
of the sample: PLI ≤ 1 shows baseline levels of pollutants 
while its growth to 1 < PLI shows progressive deterioration 
of aquatic ecosystem quality (Håkanson1980; Tomlinson 
et al. 1980).

The bioaccumulation factor was established as a ratio of 
the metal content in shoots with leaves or roots to the metal 
that in water (BFw) or a plant-available metal in bottom 
sediments (BFs) (Szczepaniak and Biziak 2003). The trans-
fer factor (TF) was calculated as a ratio of metal contents in 
shoots with leaves to roots.

All calculations were done with StatSoft 13 software 
(StatSoft (2017).

Results and discussion

Water, bottom sediments and plants

ANOVA proved significant differences among metal con-
tents in water, sediments and plant samples between the 
sites. Cr, Cu, Ni, Pb and Zn concentrations in the water 
of less polluted rivers were significantly lower than in the 
more polluted rivers (ESM 3). Metal concentrations in the 
water of both types of rivers were lower than the values 
typical for waters with purity grade 1 (ESM 3) but higher 
than in unpolluted waters where C. cophocarpa occurred 
(Augustynowicz et al. 2014b). It should be taken into 
account that water analysis is much less precise than plant 
analysis because it reflects only the current contamina-
tion status (Harguinteguy et al. 2013). Macrophytes are 
not mobile, and thus constantly exposed to pollution and 
cannot avoid metals which affect their habitats. Therefore, 
these plants may be used as indicators of the combination 
of chemical stressors integrated in time (Miretzky et al. 
2004; Thiébaut et al. 2010; Rajfur et al. 2010; Pereira 
et al. 2012; Bytyqi et al. 2020). The total concentrations 
of Cd, Co, Cr, Cu, Ni and Zn in bottom sediments of less 
polluted rivers were significantly lower than in more pol-
luted rivers (ESM 4). Median values of total elements in 
bottom sediments of both less and more polluted rivers 
were lower than recommended for sediments with purity 
grade 1 (Bojakowska 2001; Michalec 2012). However, the 
upper levels of total Co, Cr, Ni, Pb and Zn in both types of 
rivers were higher than this threshold, which may indicate 
pollution of some sites with these elements (Michalec 
2012). Median values of the contamination factor CF for 
bottom sediments of less polluted rivers showing mostly 
a low contamination were lower than CF for polluted ones 
showing mostly moderate contamination. The exception 
was significant contamination with Cr and heavy con-
tamination with Ni of bottom sediments of polluted rivers 
(ESM 5). Median values of the degree of contamination 
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(CD) for bottom sediments of less polluted rivers were 
within the scope of low degree of contamination and 
for polluted ones were within the scope of considerable 
degree of contamination (ESM 5). Median values of the 
pollution load index (PLI) for bottom sediments of less 
polluted rivers were within baseline of pollution and of 
polluted rivers within progressive deterioration of river 
quality (ESM 5). Plant-available concentrations of all ele-
ments except for Fe and Mn (which did not quality dif-
fer) in the bottom sediments of less polluted rivers were 
significantly lower than in more polluted rivers (ESM 
6). Concentrations of all elements except for Fe and Mn 
(which did not differ) in C. cophocarpa shoots of less pol-
luted rivers were significantly lower than in more polluted 
rivers (Table 1). The upper concentrations of Cr, Cu, Mn 
and Zn in shoots from both types of rivers as well as Ni 
in shoots from more polluted rivers were higher than the 
values typical for toxicity thresholds (Table 1) in plants 
(Kabata-Pendias 2001) with no visible harmful effects. 
This may indicate a high metal accumulation capacity of 
C. cophocarpa for these metals. Median values of Cu, Fe, 
Mn, Ni and Zn concentrations in shoots of this species 
from less and more polluted rivers were also higher than 
the average content for terrestrial plants presented (in mg 
kg−1) by Kabata-Pendias (2001): Cu < 5, Fe 130–350, Mn 

15–160, Ni < 1, and Zn 15–30. As a submerged macro-
phyte, C. cophocarpa takes up metals from sediments 
not only with roots but also from water through stems 
and leaves (Dhir et al. 2009). Submerged macrophytes 
have greater surface areas in comparison with non-sub-
merged ones, which makes them suitable for the bioac-
cumulation of metals (Sharmila and Saradhi 2009; Cai 
et al. 2018). Thus, the whole surface of C. cophocarpa 
is probably important for a mechanism of contaminant 
removal (Nyquist and Greger 2007). There is a general 
rule that aquatic plants contain many times as high metal 
concentrations as ambient water (Cordeiro et al. 2016). 
Augustynowicz et al. (2013) report an unusual accumu-
lation potential of this species for Cr. Owing to the high 
level of the phenolic compounds with very high scav-
enging activity protecting C. cophocarpa from reactive 
oxygen species, this plant can probably accumulate also 
other metals (Augustynowicz et al. 2014a).

Concentrations of all elements except for Cd, Fe and 
Mn in C. cophocarpa roots (which did not differ) of less 
polluted rivers were significantly lower than in more pol-
luted rivers (Table 2). C. cophocarpa roots from less and 
more polluted sites accumulated significantly more met-
als than shoots (ESM 7 and 8). The only exception was 
the concentration of Cu in this species from less polluted 

Table 1   Minimum, maximum 
and median of metal 
concentrations (mg·kg−1) 
in shoots of Callitriche 
cophocarpa. p for the U Mann–
Whitney test comparing clean 
and polluted sites. The data 
in the column Threshold are 
environmental threshold toxicity 
limits of metal ions established 
for plants by Kabata-Pendias 
(Kabata-Pendias 2001). NS, 
not significant; BDL, below 
detection limit: mg·kg−1 
Pb < 0.025

Clean Polluted

Minimum Maximum Median Minimum Maximum Median p Threshold

Cd 0.02 1.1 0.08 0.03 1.1 0.2  < 0.01 5–30
Co 0.6 4.3 3.5 0.5 14 4.2  < 0.05 15–50
Cr 0.2 7.9 1.3 0.2 22 5.4  < 0.01 5–30
Cu 4.3 17 9.5 11 27 21  < 0.01 15–20
Fe 1102 19,886 4583 751 7392 3585 NS
Mn 98 9862 5361 1452 11,688 5413 NS 400–1000
Ni 1.1 4.7 2.7 3.9 17 6.5  < 0.01 10–100
Pb BDL 1.4 0.5 0.5 11 2.0  < 0.01 30–300
Zn 53 115 73 71 247 137  < 0.01 100–400

Table 2   Minimum, maximum 
and median of metal 
concentrations (mg·kg−1) in 
roots of Callitriche cophocarpa. 
p for the U Mann–Whitney test 
comparing clean and polluted 
sites. NS, not significant; BDL, 
below detection limit: mg·kg−1 
Ni < 0.05 and Pb < 0.001

Clean Polluted

Minimum Maximum Median Minimum Maximum Median p

Cd 0.1 2.9 0.2 0.05 1.8 0.3 NS
Co 0.7 16 11 4.6 44 13  < 0.05
Cr 1.1 9.1 2.7 2.1 43 3.7  < 0.05
Cu 2.0 16 7.3 9.5 29 20  < 0.01
Fe 1120 87,960 8958 1922 17,824 6445 NS
Mn 455 23,515 16,165 2295 47,975 9685 NS
Ni BDL 21 2.8 6.4 22 11  < 0.01
Pb BDL 8.7 0.7 1.3 28 5.8  < 0.01
Zn 40 213 66 75 347 193  < 0.01
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sites which was higher in shoots than in roots. Ni and Zn 
concentrations in C. cophocarpa from less polluted sites as 
well as those of Cr and Cu in this species from more pol-
luted sites did not differ between shoots and roots. Plants 
usually protect their photosynthetic tissues from metals and 
restrict their accumulation to roots (Koblar et al. 2015). 
This phenomenon is probably caused by the fact that Cu and 
Zn are essential elements necessary for the proper growth 
of the examined species (Olivares et al. 2009; Nabi 2021). 
According to Augustynowicz et  al. (2020) Callitriche 
absorbs Cr through the shoots. The concentration of ions 
in aquatic plants is usually at some equilibrium between 
uptake and leakage of accumulated metals back into water 
(Nyquist and Greger 2007). However, some species develop 
protection from leakage of essential metals. For instance, 
Elodea canadensis, another submerged species, produces 
antioxidant enzymes providing defence against increased 
concentrations of these elements. Cu and Zn loaded in plant 
tissues are incorporated in the apoplastic zone where they 
are protected from easy leakage out (Nyquist and Greger 
2007). In spite of the fact that Cu and Zn were accumulated 
in tissues of E. canadensis, this species was able to further 
absorb metals (Nyquist and Greger 2007; Ladislas et al. 
2012). A similar mechanism might have been developed 
also by C. cophocarpa. 

Element relocation

For the determination of metal relocation from water and 
bottom sediments to plants, bioaccumulation factors (BFw 
and BFs, respectively) were estimated (ESM 9–10). In plants 
able to absorb metals from the substrate and further transfer 
them to the upper parts, this factor has values higher than 
one (Galal and Shehata 2015). Both factors are important 
parameters for understanding the availability of metals to 
plants (Angelone et al. 1993). Median values of BF from 
water to both roots and shoots of more and less polluted riv-
ers were much higher than 1 only for Mn, followed by Fe. 
Thus, these metals were the most intensively accumulated 
by C. cophocarpa. A similar trend was obtained for Elodea 
canadensis, a different aquatic macrophyte accumulating 
also the highest amounts of Fe (Busuoic et al. 2012).

Median values of BF from bottom sediments to both roots 
and shoots of more and less polluted rivers were higher than 
1 for all metals except Pb (Tables 3 and 4). Khazheeva et al. 
(2005) suggest that the BF from sediments is more valuable 
than that from water. According to the scale of BFs proposed 
by Khazheeva et al. (2005) for metal concentrations in bot-
tom sediments, both roots and shoots of C. cophocarpa may 
be included in the group of macroconcentrators (BFs > 2) 
for Cd, Co, Cr, Cu, Fe, Mn, Ni and Zn and deconcentrators 

Table 3   Minimum, 
maximum, and median of the 
bioaccumulation factor (ratio of 
metal concentration in shoots to 
plant-available metal in bottom 
sediments)

Clean Polluted

Minimum  Maximum  Median  Minimum  Maximum  Median 

Cd 0.1 4.6 1.0 0.2 5.6 0.8
Co 1.1 9.6 2.1 1.3 11 3.8
Cr 2.8 129 29 1.3 82 48
Cu 0.9 12 2.9 0.6 21 3.0
Fe 0.5 21 6.1 1.2 31 4.2
Mn 1.2 82 8.3 3.8 143 10
Ni 0.6 14 1.9 0.6 14 2.8
Pb 0.001 0.3 0.1 0.07 2.5 0.3
Zn 4.1 129 17 6.9 76 16

Table 4   Minimum, 
maximum and median of the 
bioaccumulation factor (ratio 
of metal concentration in roots 
to plant-available metal in 
bottom sediments) for metals 
in Callitriche cophocarpa from 
clean and polluted sites

Clean Polluted

Minimum  Maximum  Median  Minimum  Maximum  Median 

Cd 0.5 35 2.1 0.4 9.0 1.2
Co 1.8 33 6.7 2.7 35 9.6
Cr 14 154 51 11 202 31
Cu 0.9 8.5 2.1 0.5 13 2.8
Fe 1.2 98 9.6 3.2 45 8.8
Mn 4.4 24 14 11 36 19
Ni 0.7 34 3.2 1.1 30 3.3
Pb 0.04 2.3 0.4 0.2 16 1.0
Zn 4.6 27 15 9.5 36 11
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for Pb (BFs < 1). Probably, this species restricts accumula-
tion of Pb as a metal not essential for plants, toxic even in 
very low concentrations (Hadi and Aziz 2015). Roots and 
shoots were accumulating metals in a similar order: roots 
from less polluted rivers Cr > Zn > Mn > Fe > Co > Ni > Cu/
Cd > Pb; roots from more polluted rivers Cr > Mn > Zn > 
Co > Fe > Ni > Cu > Cd > Pb; shoots from less polluted riv-
ers Cr > Zn > Mn > Fe > Cu > Co > Ni > Cd > Pb; and shoots 
from more polluted rivers Cr > Zn > Mn > Fe > Co > Cu > N
i > Cd > Pb. The most accumulated metals from sediments 
were Cr, Zn and Mn, while Pb was the least accumulated 
metal. These results are consistent with the studies of other 
authors that C. cophocarpa is an efficient phytoremediator 
of Cr and Zn (Augustynowicz et al. 2010, 2014a,c, 2016; 
Genchi et al. 2021). However, the same authors recommend 
this species also as an efficient Pb accumulator. The other 
discrepancy is the statement of Augustynowicz et al. (2020) 
that C. cophocarpa absorbs Cr by shoots with very low con-
centration factors for roots.

Transfer of metals from roots to shoots was calcu-
lated to involve internal transport of these elements in C. 
cophocarpa (Table 5). The obtained median values indicate 
that metals accumulated by this species were mostly retained 
in roots. Transport from roots to shoots with TF > 1 occurred 
only for Cu from clean sites and Cr in polluted sites. Greater 
accumulation of most metals in roots than in shoots indicates 
their restricted mobility and translocation once absorbed by 
C. cophocarpa. Such a mechanism makes it possible for 
plants to survive in polluted habitats. Kachenko et al. (2007) 
recognise sequestration of metals in roots as an important 
mechanism of metal tolerance (Kachenko et al. 2007), and 
thus various plant species accumulate non-essential met-
als mostly in roots (MacFarlane and Burchett 2000; Tyler 
2004; Romero-Hernández et al. 2017). Buta et al. (2014) 
also observed higher concentrations of metals in Eichhor-
nia crassipes roots than in leaves. The obtained results are 
in contradiction with the statement of Madsen and Ceder-
green (2002) that roots of submerged aquatic plants have an 

anchoring function rather than accumulate elements. Further 
investigation is necessary to solve these problems.

Laboratory experiment: accumulation of Cu and Zn 
by C. cophocarpa

At the end of the experiment, the content of Cu and Zn in 
both controls did not differ from that on day zero (maximum 
difference of 1.2%). On day 7, C. cophocarpa from the less 
polluted river and exposed to all experimental solutions 
contained significantly higher levels of Cu and Zn than that 
from the more polluted river exposed to identical experi-
mental solutions (Fig. 2A, B). The plants collected from the 
more polluted river influenced by surplus of metals and liv-
ing under chemical stress could probably limit further accu-
mulation by developing a resistance mechanism (Kabata-
Pendias 2001; Mehes-Smith et al. 2013). Such mechanism 
of plants to metals is complex and varies depending on the 
type of metal that plants face and the molecular charac-
teristic of the species. All metals appear to have different 
mechanisms of toxicity which makes it difficult to hypoth-
esise a common resistance mechanism against all metals 
and metalloids (Kalaivanan and Ganeshamurthy 2016). 
Metal-resistant plants utilise various strategies, including 
blocking metal absorption, extracellular and cytoplasmic 
complexation, and chelation, which requires the activation 
of defence responses, such as antioxidant enzyme expres-
sion, to prevent or repair oxidative stress-induced damage 
(Yu et al. 2019). Chelation is the process of binding met-
als to organic molecules such as phytochelatins (Callahan 
et al. 2006; Raychaudhuri et al. 2021). Some plants limit 
the inflow of excess of toxic compounds by sequestering 
metals in vacuoles, binding them to cell walls, or secreting 
them out, while others adapt by changing their architec-
ture (Ghori et al. 2019; Yan et al. 2020). C. cophocarpa 
uses trichomes to adsorb, e.g. chromium and reduce it to 
less toxic forms. These epidermal glands are able to secrete 
substances into the external environment and accumulate 

Table 5   Minimum, maximum 
and median of the transfer factor 
(ratio of metal concentration in 
shoots to roots) for metals in 
Callitriche cophocarpa from 
clean and polluted sites

Clean Polluted

Minimum Maximum Median Minimum Maximum Median

Cd 0.1 0.8 0.3 0.3 1.0 0.5
Co 0.2 1.2 0.4 0.02 0.9 0.4
Cr 0.02 1.4 0.6 0.1 2.5 1.2
Cu 1.0 2.0 1.2 0.8 1.3 1.0
Fe 0.2 1.0 0.4 0.2 1.0 0.5
Mn 0.2 2.2 0.4 0.2 1.3 0.5
Ni 0.2 1.4 0.6 0.4 0.9 0.6
Pb 0.02 2.4 0.3 0.1 1.9 0.3
Zn 0.5 1.5 1.0 0.6 1.0 0.8
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cations of some metals, regulating their flow (Lavid et al. 
2001; Augustynowicz et al. 2014b, 2014c). It may be the 
case that C. cophocarpa unlike E. nuttallii did not exhibit 
adaptation of its energy sources upon exposure to metals 
(Larras et al. 2013). However, a precise solution to this 
problem needs further investigation.

The species from both the more and the less polluted 
river accumulated significantly lower concentrations 
of Cu for all combinations and Zn for 0.03Cu + 0.9Zn, 
0.05Cu + 1.4Zn, 0.08Cu + 2.03Zn and 0.14Cu + 3.04Zn 
combinations applied in the binary fashion than when 
applied as a single metal reaching a level of 1450 mg kg−1 

Fig. 2   A Concentration (mg∙L−1) of Cu and Zn in plants from 
the more polluted river influenced by Cu added (0.01, 0.02, 0.03, 
0.05, 0.08 and 0.14), and together with Zn as 0.4Zn + 0.01Cu, 
0.6Zn + 0.02Cu, 0.9Zn + 0.03Cu, 1.4Zn + 0.05Cu, 2.03Zn + 0.08Cu 
and 3.04Zn + 0.14Cu; and influenced by Zn added (0.4, 0.6, 0.9, 
1.4, 2.03 and 3.04); line = mean, box = mean ± SE (standard error), 
whisker = mean ± 0.95 confidence interval. B Concentration (mg∙L−1) 

of Cu and Zn in plants from the less polluted river influenced by Cu 
added (0.01, 0.02, 0.03, 0.05, 0.08 and 0.14), and together with Zn 
as 0.4Zn + 0.01Cu, 0.6Zn + 0.02Cu, 0.9Zn + 0.03Cu, 1.4Zn + 0.05Cu, 
2.03Zn + 0.08Cu and 3.04Zn + 0.14Cu; and influenced by Zn added 
(0.4, 0.6, 0.9, 1.4, 2.03 and 3.04); line = mean, box = mean ± SE 
(standard error), whisker = mean ± 0.95 confidence interval
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Cu and 16,210 mg kg−1 Zn (from the less polluted river) 
with no visible symptoms of harmful effects (Fig. 2A, B). 
Absence of toxicity symptoms may be caused by accumula-
tion of metals in cell walls (Larras et al. 2013) or/and by the 
content of phenolic compounds which provides a high pro-
tection against metal-induced oxidative stress (Augustyno-
wicz et al. 2014a,b). These values are much higher than in 
the experiment of Cegłowska et al. (2016) where Elodea 
canadensis accumulated up to 63 mg kg−1 Cu and up to 
1112 mg kg−1 Zn. These results are in agreement with the 
investigation of Luo and Rimmer (1995) that addition of 
Cu increases the toxicity of the added zinc. Kabata-Pendias 
(2001) reports that the interaction between Cu and Zn is 
antagonistic which means that the presence of one metal 
may decrease the accumulation of the other. However, these 
results are in contradiction with the investigation of Buta 
et. (2014), reporting that aquatic macrophytes were much 
less effective accumulators of Cu and Zn applied as sin-
gle metals than in a multimetallic system. Upadhyay et al. 
(2011) and Buta et al. (2014) believe that macrophytes influ-
enced by the toxic effect of metals usually require more Zn 
than those living in clean water because Zn is important 
for the antioxidant protection system, among other things 
(Upadhyay et al. 2011; Buta et al. 2014). Results of this 
investigation do not confirm this defensive role of Zn for 
C. cophocarpa because the Zn content in this species was 
higher in a single-treated culture than in Cu + Zn applica-
tions. Robson (1993) reports suppression or decrease in Cu 
uptake by Zn but not the opposite (decrease of Zn absorp-
tion by Cu) in the same experiment. These discrepancies 
may be explained by the fact that interactions between met-
als depend on their mutual ratios as well as quantitative 
proportions (Kabata-Pendias 2001; Li et al. 2009). Robson 
(1993) shows lack of interactions between Cu and Zn in 
water solutions and explains this phenomenon by the much 
lower influence of complex formation on the reactions of 
both ions in such solutions. The definitive clarification of 
these relations needs additional investigation.

Conclusions

1.	 C. cophocarpa accumulated more Cu and Zn when 
applied as a single metal and less in a combined form. 
Probably antagonistic interactions between Cu and Zn 
may cause a decrease in the accumulation of one metal 
in the presence of the other.

2.	 C. cophocarpa collected from a more polluted river-
living under chemical stress could probably limit fur-
ther accumulation of metals by developing a resistance 
mechanism, thus accumulating significantly less Cu and 
Zn than the same species from a less polluted river.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11356-​023-​28372-5.

Author contribution  Przemysław Maksymowicz: searching for sites, 
collection of samples in the field, preparation of samples for analy-
ses, preparation of Figs. 1 and 2. Aleksandra Samecka-Cymerman: 
initiation of the study, supervision, searching for references, writ-
ing—reviewing and editing, statistical evaluation of data, prepara-
tion of tables and ESM. Adam Rajsz: preparation of Fig. 1, ESM 1ab. 
Bronisław Wojtuń: initiation of the study, recognition of plant species, 
searching for references. Andrzej Rudecki: chemical analyses of sam-
ples. Maciej Lenarcik: chemical analyses of samples. Alexander. J. 
Kempers: checking the correctness of the English language.

Data availability  The datasets used and/or analysed during the cur-
rent study are available from the corresponding author on reasonable 
request.

Declarations 

Ethics approval  This article does not contain any studies with human 
participants or animals performed by any of the authors.

Consent to participate  Not applicable.

Consent to publish  Not applicable.

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://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Angelone M, Vaselli O, Bini C, Coradossi N (1993) Pedogeochemical 
evolution and trace elements availability to plants in ophiolitic 
soils. Sci Total Environ 129:291–309

Augustynowicz J, Grosicki M, Hanus-Fajerska E, Lekka M, Walo-
szek A, Kołoczek H (2010) Chromium (VI) bioremediation by 
aquatic macrophyte Callitriche cophocarpa Sendtn. Chemosphere 
79:1077–1083

Augustynowicz J, Kyzioł-Komosińska J, Smoleń S, Waloszek A (2013) 
Study on chromium-binding capacity of Callitriche cophocarpa 
in an Aquatic Environment. Arch Environ Contam Toxicol 
64:410–418

Augustynowicz J, Długosz-Grochowska OG, Kostecka-Gugała 
AM, Leja M, Kruczek MK, Świderski A (2014a) Callitriche 
cophocarpa – a new rich source of active phenolic compounds. 
Cent Eur J Chem 12:519–527

Augustynowicz J, Tokarz K, Baran A, Płachno BJ (2014b) Phytore-
mediation of water polluted by thallium, cadmium, zinc, and lead 

https://doi.org/10.1007/s11356-023-28372-5
http://creativecommons.org/licenses/by/4.0/


97897Environmental Science and Pollution Research (2023) 30:97888–97899	

1 3

with the use of macrophyte Callitriche cophocarpa. Arch Environ 
Contam Toxicol 66:572–581

Augustynowicz J, Wróbel P, Płachno BJ, Tylko G, Gajewski Z, 
Węgrzynek D (2014c) Chromium distribution in shoots of mac-
rophyte Callitriche cophocarpa Sendtn. Planta 239:1233–1242

Augustynowicz J, Gajewski A, Kostecka-Gugała A, Wróbel P, Kołton 
A (2016) Accumulation Patterns of Cr in Callitriche Organs-
Qualitative and Quantitative Analysis. Environ Sci Pollut Res 
23:2669–2676

Augustynowicz J, Sitek E, Bryniarski T, Baran A, Ostachowicz B, 
Urbańska-Stopa M, Szklarczyk M (2020) The use of Callitriche 
cophocarpa Sendtn. for the reclamation of Cr-contaminated 
freshwater habitat: benefits and limitations. Environ Sci Poll Res 
27:25510–25522

Bácsi I, Novák Z, Jánószky M, B-Béres V, Grigorszky I, Nagy SA 
(2014) The sensitivity of two Monoraphidium species to zinc 
– their possible future role in bioremediation. Int J Environ Sci 
Technol 12:2455–2466. https://​www.​bioli​ne.​org.​br/​pdf?​st152​31

Balabanova B, Stafilo T, Šajn R, Andonovska KB (2017) Quantitative 
assessment of metal elements using moss species as biomoni-
tors in downwind area of lead-zinc mine. J Environ Sci Heal A 
52:290–301

Berg T, Steinnes E (1997) Recent trends in atmospheric deposition of 
trace elements in Norway as evident from the 1995 moss survey. 
Sci Tot Environ 208:197–206

Bojakowska I (2001) Kryteria oceny zanieczyszczenia osadów wod-
nych. Przegląd Geolog 49:213–219

Boudet LC, Escalante A, von Haeften G, Moreno V, Gerpe M (2011) 
Assessment of heavy metal accumulation in two aquatic macro-
phytes: a field study. J Braz Soc Ecotoxicol 6:57–64

Brooks RR (1998) Plants that hyperaccumulate heavy metals: their role 
in phytoremediation, microbiology, archaeology, mineral explora-
tion and phytomining. CAB International, New York

Busuoic G, David I, Sencovici M, Iliescu N (2012) Evaluation of capacity 
for bioaccumulation of some heavy metals in three aquatic plant spe-
cies. In: Proceedings of the Water Resources and Wetlands Confer-
ence, 14–16 September 2012, Tulcea - Romania 220–223

Buta E, Torok A, Csog A, Zongo B, Cantor M, Buta M, Majdik C 
(2014) Comparative studies of the phytoextraction capacity of 
five aquatic plants in heavy metal contaminated water. Not Bot 
Horti Agrobo 42:173–179

Bytyqi P, Czikkely Shala-Abazi A, Fetoshi O, Ismaili M, Hyseni-Spa-
hiu M, Ymeri P, Kabashi-Kastrati E, Millak F (2020) Macrophytes 
as biological indicators of organic pollution in the Lepenci River 
Basin in Kosovo. J Freshw Ecol 35:105–121

Cai SW, Shen ZW, Ni ZH, Li YF, Liu B, Dai Y, Zhao J (2018) Metal 
distribution in water, sediment, submerged plant, and fish from 
an Urban River in Zunyi, Southwest of China. Fresenius Environ 
Bull 27:1627–1633

Callahan DL, Baker AJM, Kolev SD, Wedd AG (2006) Metal ion 
ligands in hyperaccumulating plants. J Biol Inorg Chem 11:2–12

Cegłowska A, Sokołowska K, Samecka-Cymermana A, Kolona K, 
Jusik S, Kempers AJ (2016) Copper and zinc in Elodea canadensis 
from rivers with various pollution levels. Ecol Indic 67:156–165

Cordeiro C, Favas PJC, Pratas J, Sarkar SK, Venkatachalam P (2016) 
Uranium accumulation in aquatic macrophytes in an uraniferous 
region: relevance to natural attenuation. Chemosphere 156:76–87

Cottenie A, Verloo M, Kiekens L, Velghe G, Camerlynck R (1982) 
Chemical analysis of plant and soil. Laboratory of Analytical and 
Agrochemistry. State University Ghent, Belgium, pp 100–129

Dhir B, Sharmila P, Saradhi PP (2009) Potential of aquatic macro-
phytes for removing contaminants from the environment. Crit Rev 
Environ Sci Technol 39:754–781

Dosnon-Olette R, Schröder P, Bartha B, Aziz A, Couderchet M, Eul-
laffroy P (2011) Enzymatic basis for fungicide removal by Elodea 
canadensis. Environ Sci Pollut Res Int 18:1015–1021

Favas PJC, Pratas J, D’Souza MVR, Paul MS (2014) Accumulation 
of uranium by aquatic plants in field conditions: prospects for 
phytoremediation. Sci Total Environ 470–471:993–1002

Favas PJC, Pratas J, Mitra S, Sarkar SK, Venkatachalamf P (2016) Bio-
geochemistry of uranium in the soil-plant and water-plant systems 
in an old uranium mine. Sci Total Environ 568:350–368

Fritioff Å, Kautsky L, Greger M (2005) Influence of temperature and 
salinity on heavy metal uptake by submersed plants. Environ Pol-
lut 133:265–274

Galal TM, Shehata HS (2015) Bioaccumulation and translocation of 
heavy metals by Plantago major L. grown in contaminated soils 
under the effect of traffic pollution. Ecol Ind 48:244–251

Genchi G, Carocci A, Lauria G, Sinicropi MS, Catalano A (2021) 
Thallium use, toxicity, and detoxification therapy: an overview. 
Appl Sci 11:8322

Ghori NH, Ghori T, Hayat MQ, Imadi SR, Gul A, Altay V, Ozturk M 
(2019) Heavy metal stress and responses in plants. Environ Sci 
Technol 16:1807–1828

Hadi F, Aziz T (2015) A mini review on lead (Pb) toxicity in plants. J 
Biol Life Sci 6:91–101

Haiyan W (2003) Effect of Cd, Zn, and Pb compound pollution on 
celery in a ferric acrisol. Soil Sediment Contam 12:357–370

Håkanson L (1980) An ecological risk index for aquatic pollution con-
trol. A Sedimentological Approach Water Res 14:975–1001

Hansen AT, Stark RA, Hondzo M (2011) Uptake of dissolved nickel by 
Elodea canadensis and epiphytes influenced by fluid flow condi-
tions. Hydrobiologia 658:127–138

Harguinteguy CA, Schreiberb R, Pignata ML (2013) Myriophyllum 
aquaticum as a biomonitor of water heavy metal input related to 
agricultural activities in the Xanaes River (Córdoba, Argentina). 
Ecol Indic 27:8–16

Ince NH, Dirilgen N, Apykyan IG, Tezcanli G, Ustun B (1999) Assess-
ment of toxic interaction of heavy metals in binary mixtures: a 
statistical approach. Arch Environ Contam Toxicol 36:365–372

Kabata-Pendias A (2001) Trace metals in soils – a current issue in 
Poland. Acta Univ Wrat 2317. Prace Bot 79:13–20

Kachenko AG, Singh B, Bhatia NP (2007) Heavy metal tolerance in 
common fern species. Aust J Bot 55:63–73

Kalaivanan D, Ganeshamurthy AN (2016) Mechanisms of heavy metal 
toxicity in plants. In: Abiotic stress physiology of horticultural 
crops. Springer India 85–102

Khazheeva ZI, Pronin NM, Radnaeva LD, Dugarov ZHN, Urbazaeva 
SD (2005) The features of heavy metal accumulation in water, 
bottom sediments and biota of the Cherkalov Sor Bay at Lake 
Baikal. Chem Sustain Dev 13:95–102

Koblar A, Tavčar G, Ponikvar-Svet M (2015) Stress syndrome response of 
nettle (Urtica dioica L.) grown in fluoride contaminated substrate to 
fluoride and fluorine accumulation pattern. J Fluorine Chem 172:7–12

Kyzioł-Komosińska J, Augustynowicz J, Lasek W, Czupioł J, Ociński 
D (2018) Callitriche cophocarpa biomass as a potential low-cost 
biosorbent for trivalent chromium. J Environ Manage 214:295–304

Ladislas S, El-Mufleh A, Gérente C, Chazarenc F, Andrès Y, Béchet B 
(2012) Potential of aquatic macrophytes as bioindicators of heavy 
metal pollution in urban storm water runoff. Water Air Soil Pollut 
223:877–888

Larras F, Regier N, Planchon S, Poté J, Renaut J, Cosio C (2013) Physi-
ological and proteomic changes suggest an important role of cell 
walls in the high tolerance to metals of Elodea nuttallii. J Hazard 
Mater 263:575–583

Lavid N, Barkay Z, Tel-Or E (2001) Accumulation of heavy metals 
in epidermal glands of the waterlily (Nymphaeaceae). Planta 
212:313–322

Li T, Yang X, Lu L, Islam E, He Z (2009) Effects of zinc and cad-
mium interactions on root morphology and metal translocation 
in a hyperaccumulating species under hydroponic conditions. J 
Hazard Mater 169:734–741

https://www.bioline.org.br/pdf?st15231


97898	 Environmental Science and Pollution Research (2023) 30:97888–97899

1 3

Luo Y, Rimmer DL (1995) Zinc-copper interaction affecting plant 
growth on a metal-contaminated soil. Environ Pollut 88:79–83

MacFarlane GB, Burchett MD (2000) Cellular distribution of Cu, Pb 
and Zn in the Grey Mangrove Avicennia marina (Forsk). Vierh 
Aquat Bot 68:45–49

Madsen TV, Cedergreen N (2002) Sources of nutrients to rooted sub-
merged macrophytes growing in a nutrient-rich stream. Freshw 
Biol 47:283–291

Mal TK, Adorjan P, Corbett AL (2002) Effect of copper on growth 
of an aquatic macrophyte, Elodea canadensis. Environ Pollut 
120:307–311

Martinez EA, Shu-Nyamboli Ch (2011) Determination of selected 
heavy metal concentrations and distribution in a southwestern 
stream using macrophytes. Ecotoxicol Environ Saf 74:1504–1511

Mehes-Smith M, Nkongolo K, Cholewa E (2013) Coping mechanisms 
of plants to metal contaminated soil. Environ Change Sustain-
ability 54:53–90

Michalec B (2012) Qualitative and quantitative assessment of sedi-
ments pollution with heavy metals of small water reservoirs. Soil 
Health and Land Use Management. Hernandez Intech 14:255–278

Miretzky P, Saralegui A, Fernández Cirelli A (2004) Aquatic macro-
phytes potential for the simultaneous removal of heavy metals 
(Buenos Aires, Argentina). Chemosphere 57:997–1005

Mountouris A, Voutsas E, Tassios D (2002) Bioconcentration of heavy 
metals in aquatic environments: the importance of bioavailability. 
Marine Pollut Bull 44:1136–1141

Nábĕlková J, Komínková D, St’astná G (2004) Assessment of ecologi-
cal status in small urban streams of Prague agglomeration. Water 
Sci Technol 50:285–291

Nabi M (2021) Heavy metals accumulation in aquatic macrophytes 
from an urban lake in Kashmir Himalaya. India Environ Nano-
technol Monit Manag 16:100509

Nieder WC, Barnaba E, Findlay SEG, Hoskins S, Holochuck N, Blair 
EA (2004) Distribution and abundance of submerged aquatic veg-
etation and Trapa natans in the Hudson River estuary. J Coastal 
Res 45:150–161

Novák Z, Jánószky M, B-Béres V, Nagy SA Bácsi I, (2014) Zinc tolerance 
and zinc removal ability of living and dried biomass of Desmodes-
mus communis. Bull Environ Contam Toxicol 93:676–682

Nyquist G, Greger M (2007) Uptake of Zn, Cu and Cd in metal loaded 
Elodea canadensis. Environ Exp Bot 60:219–226

Olivares E, Penã E, Marcano E, Mostacero J, Aguiar G, Benítez M, 
Rengifo E (2009) Aluminum accumulation and its relationship 
with mineral plant nutrients in 12 pteridophytes from Venezuela. 
Environ Exp Bot 65:132–141

Pereira SA, Trindade CRT, Palma-Silva AEF, C, (2012) Aquatic mac-
rophytes as indicators of water quality in subtropical shallow 
lakes, Southern Brazil. Acta Limnol Bras 24:52–63

Pivetz B (2001) Phytoremediation of contaminated soil and ground 
water at hazardous waste sites. Ground Water Issue. U.S. Envi-
ronmental Protection Agency, Office of Research and Devel-
opment and Office of Solid Waste and Emergency Response 
EPA/540/S-01/500, pp. 1–36

Poklonov VA, Shestakova TV, Ostroumov SA (2018) Phytotoxic 
effect of heavy metal mixture on macrophytes. Russ J Gen Chem 
88:2879–2883

Poklonov VA, Glebov VV, Askarova DA, Erofeeva VV, Anikina EV 
(2021) Study of the toxicity of synthetic surfactant-containing 
composite detergents on plant hydrobionts under laboratory condi-
tions. Russ J Gen Chem 91:2908–2916

Rajfur M, Kłos A, Wacławek M (2010) Bioaccumulation of heavy 
metals in aquatic plants the example of Elodea canadensis Michx. 
Proceedings of ECOpole 4:193–198

Raychaudhuri SS, Pramanick P, Talukder P, Basak A (2021) Polyam-
ines, metallothioneins, and phytochelatins—natural defense of 
plants to mitigate heavy metals. Stud Nat Prod Chem 69:227–261

Robson AD (ed) (1993) Zinc in soils and plants: Proceedings of the 
International Symposium on ‘Zinc in soils and plants’ held at The 
University of Western Australia, 27–28 September, 1993. Kluwer 
Academic Publishers, Dodrecht

Romero-Hernández JA, Amaya-Chávez A, Balderas-HernándezP 
RM, González-Rivas N, Balderas-Plata MÁ (2017) Tolerance 
and hyperaccumulation of a mixture of heavy metals (Cu, Pb, 
Hg, and Zn) by four aquatic macrophytes. Int J Phytoremediation 
19:239–245

Roy BK, Gunjan PR (2010) Heavy metal accumulation and changes 
in metabolic parameters in Cajanas cajan grown in mine spoil. J 
Environ Biol 31:567–573

Sharmila P, Saradhi PP (2009) Potential of aquatic macrophytes for 
removing contaminants from the environment. Crit Rev Environ 
Sci Technol 39:754–781

StatSoft, Inc. (2017) STATISTICA (data analysis software system), 
version 13. www.​stats​oft.​com

Stewart R, Malley DF (1999) Effect of metal mixture (Cu, Zn, Pb, and 
Ni) on cadmium partitioning in littoral sediments and its accu-
mulation by the freshwater macrophyte Eriocaulon septangulàre. 
Environ Toxicol Chem 18:436–447

Sun Q, Liu WB, Wang Ch (2011) Different response of phytochelatins 
in two aquatic macrophytes exposed to cadmium at environmen-
tally relevant concentrations. AJB 10(33):6292–6629

Szczepaniak K, Biziak M (2003) Aspects of the biomonitoring studies 
using mosses and lichens as indicators of metal pollution. Environ 
Res 93:221–230

Temel M (2005) The effects of various concentrations of lead to chlo-
rophyll a and chlorophyll b of Elodea canadensis Michx. BAÜ 
Fen Bil Enst Dergisi 7(2):12–18

Thiébaut G, Gross Y, Gierlinski P, Boiche A (2010) Accumulation 
of metals in Elodea canadensis and Elodea nuttallii: implica-
tion for plant-macroinvertebrate interactions. Sci Total Environ 
408:5499–5505

Tomlinson DL, Wilson JG, Harris CR, Jeffrey DW (1980) Problems in 
the assessment of heavy-metal levels in estuaries and the forma-
tion of a pollution index Helgol. Meeresunters 33:566–575

Tyler G (2004) Rare earth elements in soil and plant systems—a 
review. Plant Soil 267:191–206

Upadhyay RK, Sharma GD, Panda SK (2011) Responses of antioxidant 
metabolism and defense mechanism of aquatic macrophyte Pistia 
stratioides L. to zinc treatment under copper stress. Proc Nat Acad 
Sci India B 81:422–427

Wang S, Zhang SH, Wang PF, Qian J, Hou J, Zhang WJ, Lu J (2009) 
Excess Zn alters the nutrient uptake and induces the antioxidative 
responses in submerged plant Hydrilla verticillata (L.f.) Royle. 
Chemosphere 76:938–945

Yan A, Wang Y, Tan SN, Yusof MLM, Ghosh S, Chen Z (2020) Phy-
toremediation: a promising approach for revegetation of heavy 
metal-polluted land. Front Plant Sci 11:359

Yu G, Ma J, Jiang P, Li J, Gao J, Qiao S, Zhao Z (2019) The mechanism 
of plant resistance to heavy metal. IOP Conf. Series: Earth and 
Environmental Science 310(5):052004

Zar JH (1999) Biostatistical analysis. Upper Saddle River, New Jersey

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

http://www.statsoft.com


97899Environmental Science and Pollution Research (2023) 30:97888–97899	

1 3

Authors and Affiliations

Przemysław Maksymowicz1 · Aleksandra Samecka‑Cymerman1   · Adam Rajsz1 · Bronisław Wojtuń1 · 
Andrzej Rudecki1 · Maciej Lenarcik1 · Alexander J. Kempers2

 	 Przemysław Maksymowicz 
	 przemyslaw.maksymowicz@uwr.edu.pl

	 Adam Rajsz 
	 adam.rajsz@uwr.edu.pl

	 Bronisław Wojtuń 
	 bronislaw.wojtun@uwr.edu.pl

	 Andrzej Rudecki 
	 andrzej.rudecki@uwr.edu.pl

	 Maciej Lenarcik 
	 maciej.lenarcik@uwr.edu.pl

	 Alexander J. Kempers 
	 lexkempers@science.ru.nl

1	 Department of Ecology, Biogeochemistry and Environmental 
Protection, University of Wrocław, Ul. Kanonia 6/8,  
50‑328 Wrocław , Poland

2	 Institute for Water and Wetland Research, Department 
of Environmental Science, Radboud University, Huygens 
Building, Heijendaalseweg 135, Nijmegen 6525 AJ, 
The Netherlands

http://orcid.org/0000-0002-5421-0092

	Metals in Callitriche cophocarpa from small rivers with various levels of pollution in SW Poland
	Abstract
	Introduction
	Materials and methods
	Sampling design
	Water, bottom sediment and plant analysis
	Experimental setup
	Statistical analysis

	Results and discussion
	Water, bottom sediments and plants
	Element relocation
	Laboratory experiment: accumulation of Cu and Zn by C. cophocarpa

	Conclusions
	Anchor 14
	References


