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Abstract

The effect of soil contamination with copper on soil biochemical properties and oat yields was assessed
in a pot experiment. Copper was applied alone or in combination with other heavy metals. The study was
conducted on samples of brown soil consisting of heavy loamy sand and brown soil developed from light
silty clay. On days 28 and 56 of the experiment the following were determined: activity of dehydrogenases,
urease, acid phosphatase and alkaline phosphatase in soil as well as oat yields.

Contamination of soil with copper, zinc, nickel, lead, cadmium and chromium in concentrations of 50
mg kg! was found to have a negative influence on the activity of dehydrogenases, urease, acid phospha-
tase, alkaline phosphatase and yield of oats. The soil enzymes can be arranged in terms of their sensitivity
to heavy metals as follows: dehydrogenases > urease > alkaline phosphatase > acid phosphatase. Higher
activity of dehydrogenases was determined in brown soil developed from heavy loamy sand, while urease,
acid phosphatase and alkaline phosphatase were more active in brown soil formed from light silty clay.
The contamination of copper with other heavy metals was inhibited in heavy loamy sand more than in light
silty clay.
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Introduction

The biochemical activity of soil is affected by several
factors, including the presence of heavy metals, which
penetrate the soil from various sources and modify its
properties [1-3]. Heavy metals are a serious problem for
the whole ecosystem, but particularly for the organisms
inhabiting a given environment. Heavy metals are taken
up by plants and then passed on to subsequent links in
the food chain [4-6]. Their toxicity and bioavailability
are conditioned by the chemical form and the amounts in
which they occur in the ecosystem [7-9], as well as some
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external factors such as temperature, oxidation-reduction
potential, the presence of anions and cations of other met-
als and soil pH. Lower soil pH causes increased mobility
and availability of heavy metals [10].

Soil contamination by heavy metals results in some
changes in the counts of microorganisms and enzymatic
activity which, according to Dick et al. [11], Kucharski
[12] and Tresar-Cepeda et al. [13], is an objective measure
of the soil’s microbiological status. The negative influence
of most of the heavy metals on the activity of soil enzymes
was reported by Leiros et al. [7], Nowak and Smolik [14],
Nowak et al. [15] and Wyszkowska and Kucharski [16].

Although there are many reports which prove that sin-
gle metals are toxic to the biological activity of soil [11-
13, 17, 18], few papers deal with the issue of interaction
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between metals and their effect on the enzymatic activity
of soil. The present study has been conducted in order to
determine the effect of soil contamination with copper
interacting with other heavy metals on the biochemical
properties of soil. Phytotoxic influence of heavy metals
was determined on the basis of the biomass production of
oats. Jurkowska et al. [19], Wyszkowska [20], and Wysz-
kowski and Wyszkowska [21] have demonstrated the neg-
ative effects of single heavy metals on oat yields but they
did not study their interaction.

Materials and Methods

The experiments were carried out four times in polyeth-
ylene pots kept in a plant house. Two types of soil collected
from the arable humus horizon were used for the trials.
Under natural conditions these two types of soil are clas-
sified as Eutric Camisols according to WRB [22]. A more
detailed description of the soils is presented in Table 1. The
treated plant was cv. Bajka oats (12 plants per pot). Prior to
the commencement of the trials studied, soil samples (each
weighing 3 kg) were mixed with mineral fertilizers and
heavy metals. The same ferilization level with macro- and
microelements was applied to all the objects. Expressed as

pure elements, the following quantities of fertilizers were
added: 100 mg N as CO(NH,),, 44 mg P as K. HPO,, 83
mg K as K HPO, + KCl, 20 mg Mg as MgSO, - 7TH,0,
5 mg Zn as ZnCl,, 5 mg Mn as MnCl, - 4H,0, 5 mg Mo
as Na,MoO, - 2H,0O and 0.33 mg B as H,BO, per kg of
soil. The soil samples were then contaminated with cop-
per added at concentrations of 50 and 450 mg kg'. Cop-
per like the second dose may be present in soils from the
industrial district of Poland. The samples which received
450 mg kg!' were treated with other heavy metals (Zn, Ni,
Pb, Cd, Cr), each added at concentrations of 50 mg of pure
element per kg of soil. Copper was used as CuCl,, nickel
as NiCl, - 6H,0, cadmium as CdCl, - 2.5H,0, chromium as
K,Cr,0., lead as PbCl, and zinc as ZnCl,. The following
metals or combination of metals were compared in the ex-
periment: Cu,; Cu,.; Zn; Ni; Pb; Cd; Cr; Cu, Zn; Cu, Ni;
Cu, Pb; Cu, Cd; Cu, Cr; Ni, Cr; Cu, Zn, Ni; Cu, Zn, Pb; Cu,
Zn, Cd; Cu, Zn, Cr; Cu, Zn, Ni, Pb; Cu, Zn, Ni, Cd; Cu, Zn,
Ni, Cr; Cu, Zn, Ni, Pb, Cd; Cu, Zn, Ni, Pb, Cr; and Cu, Zn,
Ni, Pb, Cd, Cr. The effect produced by the heavy metals
was verified by the control (unpolluted) samples.

The experiment was curried out in spring 2005 (May
and June). Average daily temperature of these months
were 11.5°C (from 7.5 to 19.6°C) and 13.1°C (from 10.1 to
17.7°C), respectively. Throughout the entire experimental

Table 1. Some physiochemical properties of the soils in the experiments.

Type Granulometric composition (mm) _ CEC** BS
of soil* 1-0.1 0.1-0.02 <0.02 Phlec gke' mmol(+) kg %
hls 66 17 17 6.9 7.5 100.5 88.9
Isc 42 32 26 7.0 11.2 167.8 94.7
* hls — heavy loamy sand, Isc — light silty clay, ** CEC — cation exchange capacity, BS — base saturation
Table 2. Activity of dehydrogenases (n = 96) in 1 kg d-m. of soil contaminated by heavy metals (cm® H, d™").
Type of soil
No Elements* Average
hls Isc
1. 0 10.10 8.68 9.39
2. Cu,, 7.89 6.24 7.07
3. Zn 7.77 5.52 6.65
4. Ni 9.08 5.22 7.15
5. Pb 7.23 6.70 6.97
6. Cd 5.99 4.35 5.17
7. Cr 3.09 2.68 2.89
8. Cu,,, 0.00 0.00 0.00
LSD,,, a—0.12;b-0.04;axb-0.17

* 50 mg rates of heavy metals per kg d.m. of soil in combinations 2 to 7; combination 8 contained 450 mg Cu; LSD for: a — contaminated
object, b — type of soil
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period, a constant soil humidity of 60% capillary water
capacity was maintained.

On days 28 and 56 (oat harvest) the following mea-
surements were performed three times on the soil sam-
ples: activity of dehydrogenases with TTC substrate [23],
activity of urease according to Alef and Nannepieri [24]
and the activities of acid phosphatase (Pac) and alkaline
phosphatase (Pal) by the method described by Alef et al.
[25]. The activity of dehydrogenases was expressed in cm?
of H, needed to reduce TTC do TFP. The activity of ure-
ase in mg of N-NH, generated from the hydrolyzed urea
and that of the phosphatases in mmols of p-nitrophenole
(PNP) produced from sodium 4-nitrophenylophosphate.
The results of the biochemical given in this paper as aver-
ages of the results obtained from two days of analyses.

The results were elaborated statistically using a two-
factor analysis of variance Anova. Statistical analysis was
performed with the aid of Statistica software [26].

Results

The activity of dehydrogenases in heavy loamy sand
was significantly higher than in light silty clay (Table 2).
In both soils the heavy metals, applied separately at a rate
of 50 mg per kg d-m., reduced the activity of dehydro-
genases. Complete inhibition of these enzymes occurred
in an additional sample contaminated with 450 mg cop-
per. This situation existed as well in the soil contaminated
with copper (450 mg) together with other heavy metals

Table 3. Activity of urease (n = 276) in 1 kg d-m. of soil contaminated by heavy metals (mg N-NH, h™").

Type of soil
No Elements* Average
hls Isc
1. 0 20.18 49.00 34.59
2. Cu,, 13.69 31.52 22.61
3. Zn 11.43 48.63 30.03
4. Ni 14.15 27.48 20.82
5. Pb 14.95 50.83 32.89
6. Cd 15.72 41.05 28.39
7. Cr 9.43 11.02 10.23
8. Cu,,, 4.54 5.83 5.19
9. Cu, Zn 4.74 8.31 6.53
10. Cu, Ni 5.78 6.92 6.35
11. Cu, Pb 4.87 8.19 6.53
12. Cu, Cd 4.66 8.56 6.61
13. Cu, Cr 4.47 6.80 5.64
14. Cu, Zn, Ni 4.57 13.07 8.82
15. Cu, Zn, Pb 4.50 11.59 8.05
16. Cu, Zn, Cd 4.84 10.16 7.50
17. Cu, Zn, Cr 3.07 10.41 6.74
18. Cu, Zn, Ni, Pb 4.48 15.13 9.81
19. Cu, Zn, Ni, Cd 4.13 15.01 9.57
20. Cu, Zn, Ni, Cr 431 9.90 7.11
21. Cu, Zn, Ni, Pb, Cd 3.41 16.25 9.83
22. Cu, Zn, Ni, Pb, Cr 2.90 11.16 7.03
23. Cu, Zn, Ni, Pb, Cd, Cr 7.45 10.85 9.15
LSD,,, a—048;b—-0.14;axb—-0.67

* 450 mg Cu per 1 kg d.m. of soil in combinations 8 to 23; the remaining heavy metals at the rate of 50 mg each in all the combinations;

LSD for: a — contaminated object, b — type of soil
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(50 mg each). Due to 100% inhibition of the activity of
dehydrogenases in the other samples, these results were
not presented in the table.

Regardless of soil type, the strongest inhibitors of de-
hydrogenases were hexavalent chromium and cadmium,
while nickel produced the weakest effect on these en-
zymes. With regards to their inhibitory effect on the ac-
tivity of dehydrogenases, the elements can be arranged
as follows: Cr(VI)>Cd>Zn>Pb>Cu>Ni. Although there
were some small differences between the two types, e.g.
in heavy loamy sand the activity of dehydrogenases was
least inhibited by nickel, whereas in light silty clay — the
weakest inhibitory effect was produced by lead.

Unlike dehydrogenases, the activity of urease was 2.4
times higher in light silty clay than in heavy loamy sand
(Table 3). Depending on the type of soil, the heavy metals

applied at a dose of 50 mg per kg d-m. produced varied ef-
fects on the urease. In light silty clay neither zinc nor lead
affected the activity of this enzyme. In contrast, all the
metals influenced the activity of urease in heavy loamy
sand, although the effect produced by cadmium was weak-
est. Nonetheless, the average results for both soils indi-
cate that the heavy metals used for the experiment can be
ranked in the following order: Cr(VI)>Ni>Cu>Cd>Zn>Pb
in terms of their inhibitory effect on urease.

The inhibitory effect of copper on urease was stronger
when the contamination dose was increased from 50 to
450 mg per kg d-m., thus exciding even the effect pro-
duced by chromium applied in the amount of 50 mg per
kg d-m. of soil.

The higher dose of copper applied in conjunction with
another heavy metal, i.e. zinc, nickel, cadmium or chro-

Table 4. Activity of acid phosphatase (n =276) in 1 kg d-m. of soil contaminated by heavy metals (mmol PNP h'').

Type of soil
No Elements* Average
hls Isc
1. 0 1.73 1.89 1.81
2 Cu,, 1.55 2.08 1.82
3 Zn 1.62 2.07 1.85
4 Ni 1.66 1.94 1.80
5 Pb 1.61 2.06 1.84
6. Cd 1.47 2.18 1.83
7 Cr 1.30 1.55 1.43
8 Cu,,, 0.71 1.04 0.88
9 Cu, Zn 0.71 0.87 0.79
10. Cu, Ni 0.69 0.82 0.76
11. Cu, Pb 0.68 0.97 0.83
12. Cu, Cd 0.69 0.84 0.77
13. Cu, Cr 0.72 0.93 0.83
14. Cu, Zn, Ni 0.67 1.06 0.87
15. Cu, Zn, Pb 0.71 0.96 0.84
16. Cu, Zn, Cd 0.67 0.93 0.80
17. Cu, Zn, Cr 0.67 1.16 0.92
18. Cu, Zn, Ni, Pb 0.67 1.18 0.93
19. Cu, Zn, Ni, Cd 0.66 0.77 0.72
20. Cu, Zn, Ni, Cr 0.67 1.03 0.85
21. Cu, Zn, Ni, Pb, Cd 0.71 1.13 0.92
22. Cu, Zn, Ni, Pb, Cr 0.64 1.11 0.88
23. Cu, Zn, Ni, Pb, Cd, Cr 0.76 1.11 0.94
LSD,,, a—048;b-0.14;axb-0.67

* explanations given under Table 3
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mium, did not result in any further inhibition of the activ-
ity of urease. In contrast to this, the addition of nickel to
heavy loamy sand polluted with 450 mg copper per kg
d-m. of soil reduced the inhibitory effect produced by the
copper on the activity of urease. In light silty clay all the
heavy metals added to copper contaminating soil resulted
in such effects. In light silty clay the activity of urease
was inhibited to a lesser extent when copper was added in
combination with two or even three other heavy metals.
In light silty clay where the soil was polluted with 450 mg
Cu and 50 mg of Zn, Ni, Pb and Cr, the urease was even
more active than in the same type of soil contaminated
exclusively by copper. No such interaction was observed
in heavy loamy sand and the total contamination with Cu,
Zn, Cr; Cu, Zn, Ni, Pb, Cd or Cu, Zn, Ni, Pb, Cr strength-
ened the adverse effect of copper on urease.

Acid phosphatase and alkaline phosphatase turned out
to be the most tolerant to soil contamination by copper
or other heavy metals. Although these enzymes were also
adversely affected by the heavy metals used in the trials,
the inhibition of their activity was not as strong as in the
case of dehydrogenases or urease.

The activity of acid phosphatase in light silty clay, like
that of urease, was higher than in heavy loamy sand (Ta-
ble 4). Enzyme activity in light silty clay was stimulated
by all the heavy metals (at concentrations of 50 mg per kg
d-m.) except chromium, which strongly inhibited it under
the same conditions. In heavy loamy sand all the metals
tested produced an inhibitory effect on acid phosphatase,
with hexavalent chromium being the strongest inhibitor.

When the level of soil contamination by copper was
raised from 50 to 450 mg per kg d-m. of soil, some sig-

Table 5. Activity of alkaline phosphatase (n = 276) in 1 kg d-m. of soil contaminated by heavy metals (mmol PNP h)

Type of soil
No Elements* Average
hls Isc
1. 0 1.90 2.81 2.36
2. Cu,, 1.71 2.73 222
3. Zn 1.90 2.86 2.38
4. Ni 1.58 2.49 2.04
5. Pb 1.86 3.49 2.68
6. Cd 1.13 2.40 1.77
7. Cr 1.81 2.93 2.37
8. Cu,,, 0.45 0.69 0.57
9. Cu, Zn 1.46 0.85 1.16
10. Cu, Ni 0.44 0.66 0.55
11. Cu, Pb 0.43 0.84 0.64
12. Cu, Cd 0.39 0.68 0.54
13. Cu, Cr 0.48 1.07 0.78
14. Cu, Zn, Ni 0.39 1.40 0.90
15. Cu, Zn, Pb 0.40 0.96 0.68
16. Cu, Zn, Cd 0.34 0.85 0.60
17. Cu, Zn, Cr 0.40 1.34 0.87
18. Cu, Zn, Ni, Pb 0.38 1.38 0.88
19. Cu, Zn, Ni, Cd 0.31 1.17 0.74
20. Cu, Zn, Ni, Cr 0.37 1.39 0.88
21. Cu, Zn, Ni, Pb, Cd 0.32 1.20 0.76
22. Cu, Zn, Ni, Pb, Cr 0.41 1.38 0.90
23. Cu, Zn, Ni, Pb, Cd, Cr 0.54 1.05 0.80
LSD,,, a—048;b—-0.14;axb—-0.67

" explanations given under table 3
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nificant inhibition of the activity of acid phosphatase was
observed (Table 4), though this was weaker than in the
case of the dehydrogenases or urease. The response of
acid phosphatase to aggregated contamination by copper
and zinc, copper and nickel, copper and cadmium or cop-
per and chromium was completely different than that of
urease. Soil pollution with copper in conjunction with one
of the above-mentioned elements increased the inhibitory
effect in light silty clay, but had no such effect in heavy
loamy sand. In the latter type of soil the activity of acid
phosphatase was not modified even when the pool of pol-
luting elements increased. There were only two mixtures
of heavy metals (Cu, Zn, Ni, Cd and Cu, Zn, Ni, Pb, Cd)
that increased the inhibition of acid phosphatase relative
to copper which was applied at 450 mg per kg d-m. On
the other hand, when more heavy metals were added to

the pool of pollutants to that which the light silty clay soil
samples were subjected to, in some cases the inhibitory
effect of soil contamination by copper was lessened by
Cu, Zn, C; Cu, Zn, Ni, Pb; Cu, Zn, Ni, Pb, Cd; Cu, Zn, Ni,
Pb, Cr and Cu, Zn, Ni, Pb, Cd, Cr.

The activity of alkaline phosphatase (Table 5), like
that of acid phosphatase and urease, was higher in light
silty clay than in heavy loamy sand. In both types of soil
the activity of this enzyme was significantly depressed
by Cu, Ni and Cd applied separately at a level of 50 mg
per kg d-m. The strongest negative effect was produced
by cadmium, and the weakest by copper. Zinc and lead
did not inhibit the activity of alkaline phosphatase, and
hexavalent chromium did so only in the lighter soil.

When the amounts of the contaminants were raised
from 50 to 450 mg per kg d-m., a nearly four-fold decrease

Table 6. Oat yields (n = 184) on soils contaminated by heavy metals (g d-m. per pot).

Type of soil
No Elements* Average
hls Isc
1. 0 18.61 19.57 19.09
2 Cu,, 16.03 14.96 15.50
3 Zn 14.01 15.36 14.69
4 Ni 14.24 16.16 15.20
5 Pb 16.18 13.30 14.74
6. Cd 13.25 14.35 13.80
7 Cr 15.71 10.40 13.06
8 Cu,,, 1.74 1.12 1.43
9 Cu, Zn 1.62 0.71 1.17
10. Cu, Ni 0.95 0.57 0.76
11. Cu, Pb 1.52 0.88 1.20
12. Cu, Cd 2.57 0.80 1.69
13. Cu, Cr 1.76 1.58 1.67
14. Cu, Zn, Ni 0.79 0.71 0.75
15. Cu, Zn, Pb 1.09 1.01 1.05
16. Cu, Zn, Cd 1.65 0.89 1.27
17. Cu, Zn, Cr 1.58 2.08 1.83
18. Cu, Zn, Ni, Pb 0.71 3.37 2.04
19. Cu, Zn, Ni, Cd 0.52 4.68 2.60
20. Cu, Zn, Ni, Cr 1.10 2.66 1.88
21. Cu, Zn, Ni, Pb, Cd 0.92 3.83 2.38
22. Cu, Zn, Ni, Pb, Cr 1.27 2.92 2.10
23. Cu, Zn, Ni, Pb, Cd, Cr 0.56 1.96 1.26
LSD,,, a—9.87,b-291;axb—-13.96

* explanations given under Table 3
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in the activity of alkaline phosphatase was recorded. Fur-
ther addition of subsequent heavy metals to soil decreased
the negative effect of copper on the alkaline phosphatase
in light clay, and this mitigating influence was more evi-
dent as the number of heavy metals applied together in-
creased. In the heavy loamy sand a similar effect occurred
only when Cu, Zn or Cu, Zn, Ni, Pb, Cr were applied. In
the remaining samples copper used with other elements
attenuated the alkaline phosphatase activity to on even
greater extent.

Soil contamination by copper and other heavy metals had
an unfavourable effect on the enzymatic activity of soil as
well as the growth and development of oats (Table 6). It was
observed that the copper began to exhibit a negative effect on
the soils at a concentration of 50 mg kg™!, and when this rose
to 450 mg kg™! the oat yield dropped by 90% in both soils. All
the heavy metals applied together with copper decreased the
oat yield. In samples where copper was applied together with
only one more heavy metal, the toxicity of the applied mix-
tures decreased in the following order: Cu, Ni >Cu, Pb >Cu,
Zn>Cu, Cr>Cu, Cd. When two more metals were added,
the decreasing order was as follows: Cu, Zn, Ni>Cu, Zn,
Pb>Cu, Zn, Cd >Cu, Zn, Cr. Using three additional metals,
the combinations can be arranged in decreasing order as Cu,
Zn, Ni, Cr>Cu, Zn, Ni, Pb>Cu, Zn, Ni, Cr.

Discussion

The negative effect of heavy metals on the activity of
enzymes, which was observed in the present trials, had
also been confirmed in our previous studies [16, 21, 27]
and verified in literature [14]. Furthermore Welp [17]
claims that copper, along with chromium VI and III be-
long to metals which have a strong adverse effect on the
activity of enzymes.

Differences between the soils in the response to heavy
metals stem mainly from soil grain-size distribution and
sorptive complex exchange capacity (Table 1). Both of
these soil characteristics point to higher buffer proper-
ties for the light silty clay than for the heavy loamy sand,
which is not indifferent to the effect produced by the
heavy metals used in the experiments on the activity of
soil enzymes.

Such reverse influence of urease and phosphatases
contamination by copper and other heavy metals in the
two types of soil analyzed may be as a result of different
sorptive properties of the soils. This assumption can be in-
ferred from earlier reports [3]. The energy of sorption and
desorption of particular cations may be involved, which
may possibly explain the lack of aggregate influence on
the enzymes by the combined heavy metals, especially in
light soil. This, however, is not always confirmed by the
results reported in some references [28].

Leiros et al. [7] found out that copper needed to be ap-
plied at concentrations as high as 800 mg kg™ to produce
an unfavourable effect on the activity of urease. This is in
contrast to the present study, where a concentration of 50

mg of copper per kg d-m. of soil was able to inhibit the
urease, irrespective of soil type.

The effect that heavy metals actually exert depends on
their quantities in soil. When occurring at amounts close to
naturally occurring levels, they can stimulate soil enzymes.
However, if present in excessive amounts heavy metals be-
come inhibitors of soil enzymatic activity. The inhibition of
soil enzymes by heavy metals is not a cumulative total of
their separate effects but rather a combined influence, and in-
deed some effects of the heavy metals can partly cancel each
other out. As a result, a higher number and variation of heavy
metals could be less toxic than a single metal, as has been
demonstrated in our experiment with copper contamination.

Conclusions

1. Soil contamination by copper, zinc, nickel, lead, cad-
mium and chromium added in at concentration of 50
mg kg! produced negative effects on the activity of
dehydrogenases, urease, acid phosphatase, alkaline
phosphatase and oat yields.

2. Soil contamination by copper only may be much more
inhibitory to soil enzyme activity than in conjunction
with other heavy metals.

3. With regards to the tolerance of soil enzymes to heavy
metals, the former may be arranged in the following
order: dehydrogenases > urease > alkaline phospha-
tase > acid phosphatase.

4. Higher activity of dehydrogeanses was determined in
brown soil developed from heavy loamy sand, while
the activity of urease, acid phosphatase and alkaline
phosphatase was higher in brown soil developed from
light silty clay.
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