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Uptake of heavy metals by darnel multifloral (Lolium multiflorum
Lam.) at diverse soil reaction and organic matter content

Abstract: Organic matter takes part in all soil processes and influences the physical, chemical and biological properties of soil.
The paper presents the analysis of heavy metal contents (Zn, Pb, Cd) in soil and biomass of darnel multifloral (Lolium multiflorum
Lam.) cultivated at diverse conditions of soil reaction and organic matter content. A brown coal preparation (Rekulter) was applied
as the source of organic matter in autumn 1999 to the studied soil, which was contaminated with cadmium, lead and zinc. The
limiting influence of Rekulter on the uptake of heavy metals by darnel multifloral (two cuts of the test plant) was the highest in the
case when the largest dose was applied to soil with the highest pH (about 6.0). Bioaccumulation indexes (BI) for Cd, Pb, Zn indicate
the mobility and bioavailability of Cd, Pb and Zn in soils. The BI for particular heavy metals were generally low, with the lowest in
the case when the largest dose of Rekulter was applied to all cuts of the test plant.
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INTRODUCTION

Heavy metals, including cadmium and lead, be-
long to metal elements that are most toxic to plants
and animals (Symanowicz et al., 2012). The excess
of heavy metals in fodder plants negatively influen-
ces their growth and development as well as animal
health (Broos et al., 2005; Tujaka and Terelak, 2005).
There are a number of factors increasing the phyto-
availability of these metals, including their very high
concentration in soil and the acidic reaction of soil
(Kabata-Pendias and Pendias, 1999; Sady et al., 2000;
Szatanik-Kloc, 2004). Reduction of soil reaction to
slightly acidic and acidic results in the increase of
the concentration of bioavailable, active forms of
heavy metals in the soil, thus increasing their bioac-
cumulation indexes. This results from increase of
solubility of the chemical bonds between these ele-
ments as well as decrease of their adsorption on soil
colloids at low soil reaction. The number of phyto-
available forms of heavy metals is influenced also by
the soil type, grain size composition, organic matter
content, sorption properties and redox potential. Soil
organic matter, represented by humus substances, in-
troduced to soil with natural, organic and organic-
mineral fertilizers restricts the amount of bioavaila-
ble heavy metal forms (Zaniewicz-Bajkowska, 2000;
Kwiatkowska-Malina and Maciejewska, 2009). So-
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ils enriched in organic matter contain a lower amo-
unt of phytoavailable fractions of heavy metals (Wo-
loszyk et al., 2005; Kwiatkowska, 2006; Sktodowski
etal., 2006; Kwiatkowska-Malina and Maciejewska,
2011; 2012).

The paper was focused on the analysis of the con-
tent and uptake of heavy metals (Zn, Pb, Cd) in dar-
nel multifloral (Lolium multiflorum Lam.) at varia-
ble soil reaction and organic matter content.

MATERIAL AND METHODS

The studies were conducted in soil containers in
form of stoneware pots without a bottom, 0.4 m in
diameter and 1.2 m long, inserted in the soil. The con-
tainers were filled with lessive soil (56 kg) develo-
ped from clayey sand on light clay. According to the
WRB, the soil was classified as Haplic Luvisol (IUSS
Working Group WRB, 2006). The soil reaction (pH
in 1 mol-dm= KCI) was about 6.0, 5.0 and 4.0, re-
spectively. In 1999, a brown coal preparation (Re-
kulter) was added once and mixed with the soil, at
doses of: 180, 360, and 720 g per container, respecti-
vely, which corresponded to 75, 150, and 300 g Corg
per container, respectively. In dry mass, Rekulter con-
tained 85% brown coal, 10% peat and 4% brown coal
ash. At the same time, heavy metals were added to the
soil in the following amounts: zinc — 90 mg-kg™! as
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ZnSO,-7 H,0, lead — 60 mg-kg! as Pb(NO,), and
cadmium — 0.8 mg-kg™' as Cd(NO;)-4 H,0. Accor-
ding to the IUNG classification, the soil was charac-
terized by an increased content of heavy metals and
represented the I stage of pollution (Kabata-Pendias
et al. 1993).

Darnel multifloral (Lolium multiflorum Lam.),
Kroto variety, was grown in 2005 during the experi-
ment. The average doses of the applied nutrients were:
N-2.8¢g,P-0.7 g and K—2.6 g per container. After
harvest (two independent cuts), the fresh yield was
weighed, whereas the dry yield was weighed after
drying. In fragmented plant samples mineralized in a
mixture of concentrated acids (HNO,+HCIO,) at 4:1,
the total content of zinc, lead and cadmium was de-
termined using the ICP-AES method.

Soil samples were collected after harvest from the
sub-surface horizon (0—20 cm). In soil samples mi-
neralized in a mixture of concentrated acids (HCI +
HNO, at 3:1 +30% H,0,), the contents of the sum of
all forms of zinc, lead and cadmium were determi-
ned. The bioavailable forms of zinc, lead and cad-
mium in soil were established by selective extraction
using 0.05 M solution of EDTA (Ure, 1996). The bio-
accumulation index (BI) of the heavy metals was de-
termined as the ratio of their content in plant dry mass
and the total content in soil. The influence of the ad-
dition of organic matter at variable reaction on the
uptake of heavy metals by darnel multifloral was te-
sted by variance analysis using Statgraphics 4.1.

RESULTS AND DISCUSSION

Addition of organic matter to soil in form of a
brown coal preparation (Rekulter) favoured the yield
of darnel multifloral (Table 1). The highest increase
of the yield sum (I and II cut) for the fresh mass (272.1 g)
in comparison to the control batch was obtained after
application of the highest dose of Rekulter (720 g) to
slightly acidic soil. Increase of yield with the dose of
organic matter (Rekulter) introduced to the soil re-
sulted from the fact that it was a source of macro- (N,
P, K, Mg and Ca) and microelements to the plants.
This observation conforms with earlier studies (Wong
et al. 1999; Maciejewska and Kwiatkowska, 2005;
Tujaka and Terelak, 2005). Due to porosity, brown
coal has a large sorption capacity in regard to water
and nutrients, acting as a buffer for the soil reaction
and concentrations of nutrients in the soil solution,
thus resulting in better conditions of plant vegetation.
The favourable influence of organic matter addition
to soil on plant yielding was also confirmed by other
authors (Marcote et al., 2001; Sienkiewicz et al., 2005;
Wotoszyk et al., 2005).

TABLE 1. Yield of fresh and dry mass (g-pot™) of darnel multi-
floral (Lolium multiflorum Lam.)

Dose pH I cut II cut
of Rek}llter KCl fresh dl'y fresh dry
[gpot™'] mass mass mass mass
Control batch 6.0 120.5 71.5 116.2  58.7
5.0 1156  67.5 96.8 575
4.0 103.4  63.5 90.4 47.5
180 6.0 123.5 87.8 123.7  64.0
5.0 119.5 78.5 118.7  59.1
4.0 115.3 66.5 111.5 54.5
360 6.0 128.4  94.8 131.5  69.0
5.0 1243  86.5 126.8  65.8
4.0 117.5 78.5 1184  61.5
720 6.0 130.6  96.8 141.5 713
5.0 127.3  86.5 1312 66.0
4.0 120.1 79.5 1212 625
LSD o= 0.05 1.55 1.86 2.91 2.38

Notation: LSD — least significant difference.

Introduction of organic matter in form of Rekul-
ter to soil caused reduction of the content of cadmium,
lead and zinc in darnel multifloral (Table 2). The bio-
availability of heavy metals decreased, which caused
lower uptake by plants, resulting in lower pollution
of the first level in the food chain. The heavy metal
content in plants largely depends on its species or
even variety (Tyksinski & Kurdubska, 2004; Tujaka
& Terelak, 2005). Diverse sensitivity of plants to cad-
mium and zinc allows a selection of plants capable of
growth at amounts that are toxic to other plants (Ba-
ran & Jasiewicz, 2009). Restricted uptake of heavy
metals is strongly influenced by increase of organic
matter in the soil. This is linked with immobilization
of the elements by macromolecular organic colloids

TABLE 2. Contents of heavy metals in darnel multifloral
(mg-kg™! dry mass)

Dose of pH Tcut II cut

Rekulter KCl

[gpot] cd Pb zn Cd Pb Zn

Control 6.0 0.79 798 91.0 074 7.85 935

batch 5.0 0.85 854 993 0.84 82 987
40 095 10.64 107.7 099 109 108.2

180 6.0 0.61 7.79 814 0.62 524 83.0
5.0 0.72 8.01 872 0.73 847 88.1
40 081 9.04 98.6 0.85 9.01 0915

360 6.0 0.52 572 80.1 0.53 489 827
5.0 0.65 7.16 852 0.68 528 854
40 075 819 89.7 0.79 793 923

720 6.0 030 442 77.0 037 448 772
5.0 0.50 6.88 81.1 046 6.13 78.1
40 068 738 844 063 7.50 85.8

LSD o= 0.05 0.093 0.37 1.72 0.090 0.52 198

Notation: see Table 1.
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and general improvement of physical and chemical
soil properties, which is also reflected in the plant
yielding (Table 1).

Cadmium is a metal that is most toxic to plants
and animals (Kabata-Pendias, 2000; Kabata-Pendias
and Pendias, 2001). The average content of cadmium
in the dry mass of darnel multifloral (I and II cut)
varied within 0.3-0.99 mg-kg™! dry mass (Table 2)
and showed significant variability under the influen-
ce of the studied factors (reaction and organic mat-
ter) and their interactions. The lowest cadmium con-
tent was determined in biomass of the studied plant
collected in the I cut in the variant with the largest
dose of Rekulter and at pH 6.0. The highest cadmium
content was determined in the test plant collected from
the control batch, in which the lowest yield of darnel
multifloral was obtained (Table 1). Most probably,
the element was concentrated in the obtained yield.
Regardless the soil reaction, subsequent increase of
Rekulter doses caused reduction of the cadmium con-
tent in the biomass of darnel multifloral, which may
be the result of yield increase after application of
Rekulter (Kabata-Pendias and Pendias, 2001; Syma-
nowicz et al., 2012). In the variant with the largest
dose of Rekulter on slightly acidic soil, the cadmium
content in darnel multifloral (I cut) was reduced by
62% in comparison to the control batch. The obta-
ined results have confirmed earlier studies (Kwiat-
kowska-Malina and Maciejewska, 2009; 2011), in
which the influence of organic matter on Cd uptake
by radish, phacelia, sinapis and napa cabbage was
studied. In the studies with grass, cadmium content
was within 0.27-0.32 mg-kg™! dry mass (Symanowicz,
2005), which confirms the suggestion of lower cad-
mium uptake by non-papilionaceous plants (Kabata-
Pendias, 2000; Baran and Jasiewicz, 2009). The best
fodder value in regard to cadmium content was obse-
rved in plants (I and II cut) only from the variant with
the largest dose of Rekulter on slightly acidic soil
(Kabata-Pendias et al., 1993; Kabata-Pendias and Pen-
dias, 2001).

The lead content determined in the test plant was
within 4.42-10.90 mg-kg™' dry mass (Table 2) and
significantly varied in diverse conditions and inte-
ractions of the environmental factors. The highest lead
content was determined in the biomass of the test plant
collected during the II cut (10.90 mg-kg™' dry mass)
in the variant without Rekulter on very acidic soil. In
the variant with the largest dose of Rekulter on sligh-
tly acidic soil, the lead content in darnel multifloral
was by 15% lower in comparison to the control batch.
Significantly higher lead contents were determined
in darnel multifloral fertilized with sludge and brown
coal wastes (Symanowicz, 2005) and in sinapis and

napa cabbage (Kwiatkowska-Malina and Maciejew-
ska, 2011). With regard to the critical values for lead
accepted at the level below 10.0 mg-kg™!' dry mass, it
was noted that only plants grown without Rekulter
on very acidic soil cannot be applied as fodder (Ka-
bata-Pendias et al., 1993; Kabata-Pendias and Pen-
dias, 2001). It is generally accepted that fertilization
plays a significant role in yield planning and plant
chemical composition (Nardi et al., 2004; Woloszyk
et al., 2005), which was confirmed by the obtained
results.

Zinc content in darnel multifloral was within 77.0—
108.2 mg-kg™! dry mass (Table 2), thus at amounts
typical of grass plants (12-72 mg Zn-kg™!) or close to
this range (Kabata-Pendias and Pendias, 1999). The
zinc content was the highest in the variant without
Rekulter on very acidic soil and the lowest in the va-
riant with the largest dose of Rekulter on slightly aci-
dic soil. Reduction of Zn bioavailability for plants on
organic soils have been also determined by other au-
thors (Domanska and Filipek, 2011). Brown coal,
which is the main component of Rekulter, and the
products of its humification in soil are capable of for-
ming complex compounds with heavy metals of va-
riable durability. The highest durability is observed
in complexes with copper and lead, as well as nickel,
cadmium and zinc. The obtained results confirm the
studies of other authors (Ciec¢ko et al., 2001; Marty-
niuk and Wigckowska, 2003), in which addition of
brown coal caused reduction of the heavy metals con-
tent in plants. Moreover, the results indicate the wi-
dely recognized positive influence of acidic soil re-
action on the bioavailability of zinc. Darnel grown
on very acidic soil contained more zinc than on sli-
ghtly acidic soil.

Introduction of Rekulter to the soil did not signi-
ficantly influence the total content of all forms of
cadmium, lead and zinc in soil; in turn, the content of
bioavailable forms (0.05 M EDTA) of these metals
was reduced (Table 3). In regard to the content of
zinc, lead and cadmium, plants cultivated in soil with
increased contents of heavy metals with addition of
Rekulter have fodder properties in most variants.

Contents of the bioavailable forms of cadmium,
lead and zinc from the control batch were: 0.53—0.59,
37.8-42.1 and 71.7-78.5 mg-kg™' dry mass, respecti-
vely, and in relation to the total content of all forms
reached: 6672, 92-96 and 86—89%, respectively. In
variants, in which the highest dose of Rekulter was
added, the content of bioavailable forms of cadmium,
lead and zinc in soil were: 0.38-0.51, 24.6-33.1 and
47.1-53.2 mg-kg~! dry mass, respectively, and in
relation to the total content of all forms reached:
51-63; 6684 and 53-60%, respectively.
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TABLE 3. Total (HCI + HNOj, at 3:1 + 30% H,0,) and bioava-
ilable (0.05 M EDTA) contents of heavy metals in the studied
soil samples (mg-kg™' dry mass)

Dose of pH  Total content Bioavailable content
Rekulter  KCI
[gpot '] cd Pb 7z Cd Pb 7Zn
Control 6.0 0.80 412 899 0.53 378 71.7
batch 50 0.81 41.8 90.1 057 413 729
40 082 429 886 059 421 785
180 6.0 0.78 398 885 045 282 655
50 0.77 402 90.1 050 30.1 692
40 082 392 902 051 382 762
360 6.0 0.79 393 873 045 275 628
50 0.76 402 86.8 0.61 293 762
40 078 403 893 0.64 372 773
720 6.0 075 372 88.0 038 246 47.1
50 078 39.6 875 044 29.1 492
40 080 393 882 051 331 532
LSD o= 0.05 0.014 042 065 021 122 1.20
Notation: see Table 1.
TABLE 4. Bio-accumulation indexes (BI)
Dose of pH Icut II cut
Rekulter  KCl
[gpot '] cd Pb Zn Cd Pb Zn
Control 6.0 099 0.19 1.01 093 0.19 1.04
batch 50 1.05 020 1.10 1.04 0.20 1.10
40 116 026 122 121 027 1.22
180 60 078 020 092 079 0.13 094
50 094 020 097 095 021 098
40 099 023 1.09 1.04 023 1.01
360 6.0 066 0.15 092 067 0.12 0.95
50 086 0.18 098 0.89 0.13 0.98
40 096 020 1.00 1.01 0.20 1.03
720 6.0 040 0.12 0.88 049 0.12 0.88
50 064 0.17 093 059 0.15 0.89
40 085 0.19 096 0.79 0.19 097

LSDa=0.05 0.044 0.012 0.025 0.028 0.039 0.011 0.026

Notation: see Table 1.

Values of the bioaccumulation indexes (BI) for
particular metals were similar (Table 4). For cadmium,
the BI was within 0.40—1.16. The lowest value of this
index (0.40) was calculated for the object with the
largest dose of Rekulter on slightly acidic soil. The
calculated BI indexes for lead were at the level of
0.12—0.27 for particular objects. The lowest Bl value
for lead (0.12) was noted after application of the lar-
gest dose of Rekulter on slightly acidic soil. The BI
values for zinc after application of the largest dose of
Rekulter were the lowest and varied within 0.8§8—0.97.
Similar values of bioaccumulation indexes for cad-
mium and zinc were obtained in studies on dicotyle-

donous plants and grasses (Kwiatkowska-Malina and
Maciejewska, 2011; Symanowicz et al., 2012).

CONCLUSIONS

1. Addition of organic matter with Rekulter to soil
caused decrease of the bioavailability of cadmium,
lead and zinc, and thus their uptake by darnel mul-
tifloral.

2. Contents of cadmium, lead and zinc in darnel mul-
tifloral were the lowest in the variant with the lar-
gest dose of Rekulter.

3. Contents of cadmium, lead and zinc in darnel mul-
tifloral were the lowest in soil and plants in the
variant with a slightly acidic reaction.

4. The determined values of cadmium, lead and zinc
in the biomass of darnel multifloral were within
the range below the boundary values for the ad-
missible amounts of these elements in fodder.

5. Bioaccumulation indexes of zinc, cadmium and
lead were generally low; the lowest values were
observed for lead.
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