Ann. Bot. Fennici 37: 95-104 ISSN 0003-3847
Helsinki 15 June 2000 © Finnish Zoological and Botanical Publishing Board 2000

Concentrations of heavy metals in aquatic
bryophytes used for biomonitoring in rhyolite and
trachybasalt areas: a case study with Platyhypnidium
rusciforme from the Sudety Mountains

Aleksandra Samecka-Cymerman, Alexander J. Kempers & Krzysztof Kolon

Samecka-Cymerman, A. & Kolon, K., Department of Ecology and Nature Protection,
Wroctaw University, ul. Kanonia 6/8, 50-328 Wroctaw, Poland

Kempers, A. J., Department of Aquatic Ecology and Biogeology, University of Nijmegen,
Toernooiveld, 6525 ED Nijmegen, The Netherlands

Received 31 May 1999, accepted 1 December 1999

Samecka-Cymerman, A., Kempers, A. J. & Kolon, K. 2000: Concentrations of heavy
metals in aquatic bryophytes used for biomonitoring in rhyolite and trachybasalt areas:
a case study with Platyhypnidium rusciforme from the Sudety Mountains. — Ann. Bot.
Fennici 37: 95-104.

The elemental composition of the aquatic bryophyte Platyhypnidium rusciforme (Neck.)
Fleisch. growing in streams embedded in trachybasalts (melaphyrs) and rhyolites
(porphyrs) in the Polish and Czech Republic part of the Sudety Mts. was studied. Water
from trachybasalt streams contained significantly higher concentrations of Ni as com-
pared with water from rhyolite streams. Plants from rhyolite areas contained signifi-
cantly higher levels of Mg and significantly lower levels of Co and Ni as compared with
those from trachybasalt areas. The molar ratio of calcium and magnesium (Ca:Mg) in
water (1.0-1.6 in trachybasalt streams and 0.5-1.8 in rhyolite streams) in some of the
streams was different from the values presented in the literature. The Ca:Mg ratio in the
plants was within the range of values calculated for serpentinite for plants in rhyolite
streams, and higher than this range for plants in all trachybasalt streams. Concentra-
tions of microelements in the plants were greater than the background values; however,
there were no morphological aberrations in the plants. The relationships between all the
variables concerning the chemical composition of mosses from the two areas were
tested with the principal component analysis (PCA).
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INTRODUCTION

Aquatic bryophytes are primary producers and
provide habitats for a variety of organisms in fresh-
water ecosystems (Lopez & Carballeira 1993). The
widespread occurrence of these plants and their
ability to accumulate metals has led to their use in
environmental monitoring programs (Claveri &
Mouvet 1995). Despite their relative tolerance for
a wide variety of ecological conditions, the devel-
opment of aquatic bryophytes and their geographi-
cal distribution is limited mainly to water bodies
in cold and temperate climatic zones (Glime &
Vitt 1984, Claveri & Mouvet 1995, Carter & Por-
ter 1997). Aquatic mosses can be used in active
monitoring (transplanted plants), and passive
monitoring (autochthonous species) programs
(Claveri & Mouvet 1995, Claveri et al. 1995,
Mersch & Reichard 1998, Sawidis et al. 1999,
Vanderpoorten 1999). The use of bryophytes per-
mits the evaluation of both overall environmental
quality of a given water body (on the basis of de-
gree of stress; Lopez et al. 1997), and environ-
mental concentrations of particular contaminants
(from tissue analyses). The latter application is
favoured because many aquatic bryophytes have
a high pollution tolerance and capacity for bio-
concentration (Lopez et al. 1994). In addition
mosses integrate changes in concentrations of
metals through time, thus providing a biologically-
weighted average. The superiority of bryophytes
for this purpose as compared with other water eco-
system components such as fish, higher plants and
sediments was demonstrated in a recent study of
heavy metal pollution, organometallic pollution,
and in radioecology (Beaugelin-Seiller ef al. 1995).

Knowledge of the influence of a chemical com-
position of different types of rocks on the back-
ground concentration of elements in bryophytes
can be very useful. The objective of this paper
was to investigate the chemical characteristics of
the aquatic bryophyte Platyhypnidium rusciforme
(Neck.) Fleisch. collected in streams embedded
in trachybasalts (basic melaphyrs) and rhyolites
(acid porphyrs). The results are compared with
the chemistry of both types of stream waters in
the Polish and Czech Republic part of the Sudety
Mts. Trachybasalts are basic igneous rocks (Ryka
& Maliszewska 1991) and rhyolites are acidic
rocks of volcanic origin and both usually contain
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elevated levels of their own specific heavy metals
(Kabata-Pendias & Pendias 1993, Vaviin & Fryda
1996) forming special conditions for plant growth.

MATERIAL AND METHODS

In Lower Silesia, rhyolites and trachybasalts are
present among other rock types in the western part
of the Intra-Sudetic Depression (Walbrzyskie Mts.
& Krucze Mts.) and in the central part of the
Kaczawa Mts. In this area, trachybasalts and rhyo-
lites were formed during Late Carboniferous—
Early Permian volcanisms, and represent two ex-
tremes with respect to mineralogy and chemistry
(Dziedzic et al. 1979). In the Intra-Sudetic De-
pression, samples of water and bryophytes were
collected from 11 sites (Fig. 1). The sampling sites
were selected so that the streams upwards to their
source were embedded either in trachybasalts or
in rhyolites (Fig. 1).

At each sampling site, one stream water sam-
ple and five samples of the aquatic bryophyte
Platyhypnidium rusciforme were collected. Sam-
pling was conducted three times in late spring and
early summer. The sampling resulted in a total of
three streamwater samples and fifteen samples of
Platyhypnidium rusciforme per site.

Prior to analysis the water samples were filtered
through a Whatman glass microfibre filter (GF/
C). The following parameters were measured in
the water samples: pH (potentiometrically), phos-
phate (colorimetrically with molybdate blue), Ca
and K (atomic emission spectrophotometry), Mg
(atomic absorption spectrophotometry). The
microelements Ni, Cr, Co, V, Ba, Sr, Fe, Zn, Mn,
Pb, Cd and Cu were measured with Simultaneous
Sequential Inductively Coupled Plasma Emission
Spectrophotometry (Spectro Analytical Instru-
ments) against standards (BDH Chemicals Ltd,
reagent grade) and blanks (distilled water). Hg was
measured after reduction with tin chloride with
cold-vapour atomic absorption spectrophotometry.

After collection, bryophytes were rinsed thor-
oughly in the field with streamwater and in the
laboratory with distilled water, and dried at 60 °C.
Plant material (200 mg) was digested with nitric
acid and hydrogen peroxide at 95 °C until the di-
gest became clear. After dilution to a total of 10 ml,
the digestate was analysed for Ca, K, Mg, P, Ni,
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Cr, Co, V, Ba, Sr, Fe, Zn, Mn, Pb, Cd, Cu and the
non volatile part of Hg, with the same procedures
as described for the water samples. Standards and
blanks were prepared in 0.5 M nitric acid. All
analyses were done in duplicate.

The recovery efficiencies of the above proce-
dures as compared with those of an interlaboratory
study on digesting and analysing reference mate-
rial appeared to be 100%.

The structure of relationships between all the
variables concerning the chemical composition of
mosses from the two areas were analysed with
PCA.

The variability of results of the chemical analy-
ses of water was tested with ANOVA (Grimm &
Reckanagel 1985). The y*-test was used to com-
pare the observed data with the normal distribu-
tion (Zuk 1989). Summary statistics, including
means and standard deviations, were calculated
for plant data. Significance of differences between
the mean contents of elements in water and
bryophytes collected in streams embedded in
rhyolites and trachybasalt rocks was tested with
the r-test (Parker 1983).

The weighted sum of square roots of relative
concentrations of cations in plant leaves was cal-
culated with Czarnowski’s method (Czarnowski
1977) according to the equation:

ZC:‘\/E

where ¢; is a coefficient (a value expressing
the influence of cation i on concentration of other
cations in leaves) and P, is the weight percentage
of cation i of the sum of all cations; the values of
c; calculated by Czarnowski (1977) are: Ca =
1.000, K=0.701, Na=0.530, Mg = 0.342, Mn =
0.227, Cu = 0.049, Fe = 0.001 and Al =0.279.

RESULTS AND DISCUSSION
Water

The composition of elements in water samples
from streams in the trachybasalt and rhyolite ar-
eas are summarized in Tables 1 and 2. Concentra-
tions of Ni were significantly higher (r=2.27,p=
0.05) and concentrations of Co pointed towards
higher values (#=2.16, p =0.06) in the trachybasalt
streams as compared with the rhyolite streams,
which is in accordance with investigations done
by geologists in the same area (M. Awdankiewicz
pers. comm.). Water in streams flowing through
trachybasalt and rhyolite areas all contained Hg
below the detection limit (0.001 pg 1-").
According to water quality classes set by the
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Polish Government (summarized in Koztowski
1991) all the streams belong to the first class of
water purity; concentrations of phosphates (sam-
pling sites 2 and 4) and Zn (all sites) were, how-

ever, higher.
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Concentrations of microelements in water of
the various streams (Table 2) were compared with
the background (control) values reported by Dojli-
do 1987, Koztowski 1991, Kabata-Pendias and
Pendias 1993, and Samecka-Cymerman and Kem-

Table 1. pH and mean concentrations (mg I-') of macroelements in stream water from trachybasalt and rhyolite
areas and significance of the difference. * significant at p < 0.05.

Site pH PO, K Ca Mg Fe
Trachybasalts

1 6.6 0.068 5.2 15.2 5.8 0.022

2 7.0 0.24 4.0 51.3 224 0.008

3 6.3 0.065 4.4 21.6 13.1 0.008

4 6.2 0.25 3.6 16.8 7.8 0.002

5 6.2 0.11 3.8 15.2 7.9 0.008

6 7.4 0.14 2.0 18.4 10.9 0.009
Rhyolites

7 6.4 0.04 5.0 8.2 9.2 0.003

8 6.7 0.09 4.4 16.7 9.9 0.007

9 6.7 0.16 2.4 20.8 9.2 0.009

10 6.8 0.14 3.8 23.3 7.9 0.007

11 6.6 0.12 5.1 20.0 7.8 0.005
Foos 5.5* 12* 67" 21 326" 8 029* 5.3
mean = SD trachybasalt 6.5+0.5 0.15+0.08 3.8+1.1 23.1+14 11.3%6 0.009 £ 0.007
mean = SD rhyolite 6.6+ 0.1 0.11£0.05 41+11 17.8+6 8.8+0.9 0.006 +0.002
t -0.10 0.85 —0.47 0.78 0.92 1.05

p 0.92 0.42 0.65 0.45 0.38 0.32

Table 2. Mean concentration (ug I') of microelements in stream water from trachybasalt and rhyolite areas and
significance of the difference. * significant at p < 0.05.

Site Ni Cr Co \Y Ba Sr Zn Mn Pb Cd Cu
Trachybasalts

1 9.5 <3.0 7.2 11.0 54 50 125 30.8 7.4 0.49 47

2 8.3 <3.0 8.1 7.9 76 219 275 5.2 5.3 042 <34

3 8.6 <3.0 5.9 <53 42 90 222 10.3 <15 034 <34

4 6.2 <3.0 4.1 <53 29 29 81 3.8 <15 024 <34

5 10.5 4.0 7.1 <53 23 63 156 10.2 2.8 0.38 46

6 1.5 4.4 7.2 5.4 204 159 323 21.3 6.6 058 <34
Rhyolites

7 5.0 <3.0 6.8 <5.3 22 57 181 45 2.0 0.41 <3.43
8 6.3 <3.0 3.8 <5.3 23 138 177 7.3 4.6 027 <343
9 7.6 34 48 <5.3 95 114 207 7.9 8.1 0.59 5.01
10 6.3 3.9 4.9 <5.3 143 40 146 5.8 4.6 057 <343
11 8.8 3.3 42 6.2 20 63 193 6.9 4.2 0.55 3.80
Foos 24* 7.3 46* 6.3 32145 43519* 8842* 951* 688" 42" 5.9%
mean+SD" 91+1.8 34+06 66+14 67+14 71+68 101+73 197+93 136+10 42+26 0.41+0.1 3.8+0.06
mean+SD? 6.8+15 3304 49+11 55+04 60+56 82+41 181+23 65+1.4 47+22 0.48+0.14 3.8+0.7
t 2.27 0.19 2.16 1.15 0.29 0.52 0.38 1.50 -0.35 -0.91 0.05
p 0.05 0.85 0.06 0.28 0.78 0.62 0.71 0.17 0.73 0.39 0.96
" trachybasalt

2 rhyolite
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pers 1994. Concentrations of Ni, Cd and Zn in
water were higher than background values in both
the trachybasalt area (Ni: # = 8.14, p < 0.001; Zn:
t=4.68,p<0.001;Cd: r=4.31, p<0.01) and the
rhyolite area (Ni: 1=6.49, p <0.001; Zn: t=17.55,
p <0.001; Cd: r=5.06, p < 0.001).

Ca concentrations in water from trachybasalt
and rhyolite streams (except for sampling site 7)
were higher than the average of 15 mg I given
by Bowen (1979).

The background molar ratio of Ca:Mgis usu-
ally from 1.2 to 2.4 (Dojlido 1987). This ratio
characterized water of trachybasalt streams 1, 2
and 4 and all rhyolite streams except for sites 7
and 8, where the relation between these two ele-
ments was 0.54 and 1.02 respectively.

Ranges of concentrations of the elements in
trachybasalts and rhyolites are given in Table 3.
According to Ryka and Rygiel (1987), and Kaba-
ta-Pendias and Pendias (1993), concentrations of
Co, Cu, V and Ni are higher in basic trachybasalts
than in acidic rhyolites. However, acidic rhyolite
rocks contain more Ba and Pb as compared with
basic trachybasalts.

Moss

No major differences in the average element com-
position in the plants between the two areas could
be found. However, the concentration of Mg was
significantly higher (r=—4.03, p =0.003), and the
concentrations of Ni and Co (r =2.29, p = 0.047
for Ni, and ¢ = 2.28, p = 0.048 for Co) were sig-
nificantly lower in the plants from the rhyolite
areas. Since there are similar differences in the
concentrations of the above elements in trachy-
basalts and rhyolites (M. Awdankiewicz pers.
comm.), it may be concluded that the concentra-
tions of Ni and Co in mosses reflect the chemical
composition of rocks on which they grow. Mg
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might point to the same conclusion, although the
concentrations of Mg in the stream water of both
areas were not significantly different.

Concentrations of microelements in the exam-
ined plants were, in general, higher than those in
aquatic bryophytes from the monitoring site in an
area remote from sources of industrial contami-
nation (Table 4; Wiersma er al. 1990, Kabata-
Pendias & Pendias 1993).

Concentrations of Hg up to about 0.5-1 mg
kg™ d.w. can be considered as the natural back-
ground values in aquatic bryophytes collected in
the nonpolluted parts of the Sudety Mts. (Same-
cka-Cymerman & Kempers 1995). The Hg con-
tents in the bryophytes we examined were lower
than 1 mg kg™' d.w. We saw no evidence of aber-
rations in the morphology of the plants.

The Ca:Mg molar ratios in the plants from the
trachybasalt and rhyolite areas were 1.58—4.73,
and 1.03-1.58, respectively. In most of the plants
from the trachybasalt area, this ratio was higher
than that calculated for the plants growing on ser-
pentine: 0.36—1.58 (Angelone et al. 1993) and
1.15-1.70 (Samecka-Cymerman & Kempers
1994) and for the plants from amphibolite areas:
0.42-2.36 (Samecka-Cymerman & Kempers
1996). In the plants from sites 1,2 and 6 the Ca:Mg
ratio was greater than that calculated for the plants
from greenstone areas: 0.85-3.64 (Samecka-Cy-
merman & Kempers 1996). The Ca:Mg ratio in
the plants from the rhyolite area is within the above
mentioned ranges in all the examined populations.
According to Ryka and Rygiel (1987) the Ca:Mg
ratio ranges from 0.18 to 2.0 in trachybasalts and
from 0.3 to 6.06 in rhyolites.

Principal component analysis (PCA) was used
to reduce variables influencing the chemical com-
position of plants.

In the first part of the statistical analysis we
calculated the regression lines of the significantly
correlated variables and we calculated factor load-

Table 3. Concentration of elements in trachybasalts (T) and rhyolites (R) in the investigated region, (Ryka &

Rygiel 1987).

g/kg rock

mg/kg rock

Fe Mg Ca K P Ba Sr

Cr Mn Co Ni  Cu Pb Zn

T 24-85 5-57 8-74 5-65 1.2-8
R 5-50 1-18 1-20 40-83 0.2-0.8 0.4-1.3 0.02-0.1

0.3-0.8 0.1-0.75 <5-100 <2-7 200-2300 <5-25 <3-20 13-60
<5-25

5-25 80-120

<2-6 160-1300 <5-10 <3-9 8-12 20-50 40-60
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Fig. 2. Factor loadings (un- 0.4
rotated). Extraction: princi-
pal components (r = rhyo-
lites and t = trachybasalts).

The axes represent the -0.8 :
first two factors of the PCA 0.7 0.76
analysis.

ings by the PCA’s analysis.

The first factor explained 79.8%, and the sec-
ond factor only 15.9%, of the total variance, so
differentiation between sampling sites is charac-
terized mostly by the first factor. Three groups of
sampling sites may be distinguished (Fig. 2). Sites
1 and 4 (trachybasalts, first group) were charac-
terized by the highest contents of Fe and P in
plants, site 1 by the highest level of Ni and site 4
the highest level of Cr and a similar level of Ca
(average in relation to all the examined popula-
tions) in plants. The second group (sites 5 and 11)
was characterized by the lowest levels of Ni, Cr,
V, Ba, Sr, Zn, Mn, Hg, Co and P (site 5), the high-
estlevel of potassium (site 11) and the lowest lev-
els of Pb, Cd and Co (site 11) in plants. Both sites
(5 and 11) characterized similar levelss of Cr and
Cd in plants.

In the second part of calculations we trans-
posed the data and established the main factors.
Table 5 includes loadings of the first three fac-
tors. The first factor is related to the concentra-
tions of Ni, Sr, Pb, Cu, Hg, Ca and Mg in plants,
the second factor is related to Cr, Cd and P in
plants and the third factor is related to Zn in plants.

In the present study, the following inverse re-
lationships between elements in streamwater and
in Platyhypnidium rusciforme were found: Ca in
water and Pb in plants (R?> = 0.83, p = 0.032), Ca
in water and Cd in plants (R* = 0.86, p = 0.021),
and Ca in water and Cu in plants (R*> =0.94, p =
0.019) from rhyolites areas; and Ca in water and
Pb in plants (R*> = 0.81, p = 0.049), and Pb in wa-

0.82 0.88 0.94

Factor 1

1.00

ter and Mg in plants (R?> = 0.88, p = 0.038) from
the trachybasalt areas. How inverse relationships
between elements in water and plants affect the
relationships of elements within plants needs fur-
ther investigation. Plants may counteract metal
toxicity by maintaining high levels of Ca (Johnston
& Proctor 1977, Angelone et al. 1993). A similar
protective role has been shown for Mg (Samecka-
Cymerman 1994). Excess accumulation of one
element results in a reduced uptake of (an)other
element(s) because the capacity of a plant to ab-
sorb mineral salts is finite (Brooks 1972). As an
example Brooks (1972) presented inverse rela-
tionships for Ca and Ni, for Ca and Co and for

Table 5. Factor loadings (unrotated). Extraction: Prin-
cipal components (loadings higher than 0.700 are
shown).

Variables Factor Factor Factor
1 2 3

Ni 0.785

Cr -0.800

Sr -0.777

Zn 0.800
Pb 0.863

Cd -0.910

Cu 0.904

Hg -0.837

P -0.804

Ca -0.770

Mg 0.879

% of total variance 35.087 24,921 11.802
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Mg and Ni in plants from serpentine soils.
Czarnowski (1977) hypothesized that the con-
centration of a cation in plant leaves is a function
of the concentrations of other cations. Thus, in
order to obtain the cationic equilibrium in plant
leaves, one should compare the relative concen-
trations, i.e. concentrations of individual cations
versus the sum of concentrations of all the cati-
ons in leaves, or at least the sum of the quantita-
tively dominant cations. Czarnowski (1977) stated
that the weighted sum of square roots of relative
concentrations of cations in plant leaves is con-
stant for a given species (see Materials and meth-
ods). For most plants in temperate regions this
weighted sum is about 12.5 (Czarnowski 1977).
In this investigation, the values calculated with
Czarnowski’s method varied in Platyhypnidium
rusciforme from 10.7 (site 1) to 12.3 (sites 5 and
6) (Table 6). Platyhypnidium rusciforme from sites
1 and 4, with the lowest values of the weighted
sum, contained the highest levels of Fe and the
highest concentrations of Ni (site 1) and Cr (site 4)
and one of the highest concentrations of V, Sr,
Zn, Pb, Cd and Cu (site 4; Table 4). As Czarnowski
(1977) calculated, the coefficient c, for Fe as very
low, we suggest that the concentrations of microel-
ements other than Fe also had an effect on the
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weighted sum of the plants we studied.

According to Markert and Wtorova (1992),
metal accumulation seems to be directly associ-
ated with an exclusion of Mg and Ca. Our inves-
tigation identified a similar trend, on the basis of
negative correlations between these elements and
various heavy metals. However, no depletion of
K was noted in the mosses investigated by Markert
and Wtorova (1992), suggesting that K in these
plants fulfils important metabolic functions. Pla-
tyhypnidium rusciforme from site 4 (containing
one of the highest concentrations of heavy met-
als) contained relatively high levels of K. The
value of the weighted sum found in Platyhypni-
dium rusciforme from sites 5 and 6 was 12.3, quite
similar to that given by Czarnowski (1977). Plants
from site 5 contained, with the exception of Pb,
the lowest concentrations of all the examined
microelements.

CONCLUSIONS

1. Water in streams embedded in trachybasalts
(melaphyrs) and rhyolites (porphyrs) con-
tained higher levels of Zn.

2. Water from trachybasalt streams contained

Table 6. Concentration of macroelements (g kg™ d.w. £ SD, n=15) in Platyhypnidium rusciforme from trachybasalt
and rhyolite streams and significance of the difference. Cz = Czarnowski values (= weighted sum of relative
concentrations, see Material and methods).

Site P K Ca Mg Fe Cz
Trachybasalts

1 2.7+0.3 54+1.1 12.0+1.1 1.9+0.1 9.1+0.6 10.7
2 25+0.3 44+05 154 +1.1 2.0+0.1 49+0.3 11.8
3 1.2+0.1 52+0.6 11.2+0.9 3.9+0.2 1.5+£0.1 12.2
4 28+0.2 79+1A1 10.0+0.8 3.9+0.2 76105 10.9
5 1.2+0.1 58+05 11.2+0.7 29+0.2 22101 12.3
6 23+0.2 5.0+0.4 142+0.9 2.0+0.1 2.0+0.1 12.3
mean + SD 21+0.7 56+1.2 12.3+2.0 2.8+0.9 46+32

Rhyolites

7 2.0+0.1 6.1+0.4 84+04 5.1+0.3 1.6 £0.1 12.0
8 1.5+0.1 3.6+0.2 10.4+0.6 40+0.2 3.0+0.2 11.6
9 1.3+0.1 3.8+0.2 13.6+1.0 6.3+0.4 21101 11.8
10 2.0+0.1 29+0.2 10.4+£0.8 44+04 1.4+0.1 11.9
11 2.0+0.1 9.8+1.1 12.0+1.0 5.3+0.5 2.1+0.1 12.1
mean = SD 1.8+0.3 52+28 11.0+1.9 5.0+0.9 2.0+0.6

t 1.00 0.30 1.13 -4.03 1.71

p 0.34 0.77 0.29 0.003 0.12
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significantly higher concentrations of Ni (¢ =
2.27, p = 0.05) as compared with water from
rhyolite streams.

3. Concentrations of microelements in the aquat-
ic bryophyte Platyhypnidium rusciforme were
higher than the background values, but there
were no morphological aberrations in the plants.

4. The Ca:Mg ratio in the plants of rhyolite
streams was within the range of values calcu-
lated for plants growing on serpentinite, and
higher than the range for plants in all trachy-
basalt streams.

5. Plants from rhyolite areas contained signifi-
cantly higher (+ = —4.03, p = 0.003) levels of
Mg and significantly lower levels of Ni (¢ =
2.29, p =0.047) and Co (¢ = 2.28, p = 0.048)
as compared with the plants from trachybasalt
areas.
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