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by potatoes, maize, wheat and barley after soil amendment
by sludge and inorganic Zn salt
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ABSTRACT

Zinc distribution in the main soil fractions and zinc accumulation in potatoes, maize, wheat and barley after different soil
treatments (basic sludge rate, triple sludge rate, NPK, NPK + inorganic Zn) were investigated in a field experiment conduct-
ed at five localities of the Czech Republic (Cerveny Ujezd, Hnévéeves, Humpolec, Lukavec, Suchdol) with different soil and
climatic conditions. Three soil types were investigated in the experiment: clay-loamy Chernozems, loamy Luvisols, clay-
loamy Luvisols and two loamy Cambisols. Sequential analyses provided an overview of soil Zn distribution in the following
fractions: exchangeable, Fe-Mn oxide, organic and residual ones. The sludge and inorganic Zn addition supported Zn mobili-
ty growth and higher Zn retention in Fe-Mn oxides in all tested soils. The influence of the above-mentioned treatments on
higher Zn association with soil organic compounds was not explicitly found. Potatoes, wheat and barley accumulated
more Zn after its addition into the soils by sludge and inorganic salt. By contrast, Zn content in maize decreased with higher

input of Zn into the soil. The highest Zn concentrations were usually observed in plants grown on both Cambisols.
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Cleaning of wastewater produces sewage sludge.
Sludge matter contains appreciable amounts of organic
compounds, primary nutrients such as nitrogen, phos-
phorus and micronutrients. These attributes allow to use
sewage sludge in agriculture (Smith 1996). However, there
are other groups of compounds like toxic elements, organ-
ic pollutants and pathogenic microorganisms polluting
municipal sewage sludge. Especially toxic elements can
persist in the soil for an indefinite time and can be ab-
sorbed by growing plants in a wide range of quantities
to affect the health of plants and/or consumers (Tlustos
etal. 2000). McBride et al. (1997) reported that 62% of zinc
from heavy sludge application was found in the soil sur-
face horizon fifteen years after sludge application.

One of the most problematic elements in sewage sludge
from the aspect of soil deposition and possible toxicity
to growing plants is zinc. Zinc is an essential element for
plants and animals, but its high concentrations adverse-
ly affect life processes in plants, which can lead to a de-
crease in biomass production and deterioration of
agricultural production quality (Smith 1996).

The behaviour of zinc in soil and its availability to
plants depend on soil conditions, plant species, climate
and agronomic practices. Zinc belongs to the most mo-
bile trace elements that are usually retained weakly in the
soils (Alloway 1990). Main factors influencing the bind-
ing capacity of soils for Zn include pH, organic matter
content, clay particles and sesquioxides. Soil zinc is par-
titioned into different forms that have varying affinities
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to the above-mentioned soil constituents. Consequent-
ly, the availability of Zn soil fractions to plants is differ-
ent. Zinc present in water-soluble and exchangeable
forms is readily available to plants. Zinc in other forms is
either potentially plant available (organically bound,
bound in oxides and sulphides) or plant unavailable as
a residual form (Adriano 2001). Zinc reacts to changes in
soil pH sensitively. The amount of available zinc in soil
solution increases with a decrease of pH value. The ad-
sorption by clay particles controls the circulation of zinc
in soil in acid conditions. Chemisorption on sesquioxides
and bonds on organic ligands dominate in alkaline con-
ditions (Kabata-Pendias and Kabata 1992). Soil sequen-
tial extraction allows to acquire precise information about
Zn behaviour, and applicable reagent solutions of par-
ticular forms of soil zinc are obtained by this method
(Némecek et al. 1998, Szakova et al. 1999).

Sewage sludge treatment of soils can lead to an in-
crease in zinc content in plant tissues (Smith 1996), and
it was also confirmed by Balik et al. (1998) and Tlustos
etal. (2001).

MATERIAL AND METHODS

Distribution of Zn in the main soil fractions and its
accumulation in potatoes (Solanum tuberosum L.), maize
(Zea mays L.), winter wheat (Triticum aestivum L.) and
spring barley (Hordeum vulgare L.) after application of
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Table 1. Main parameters of experimental soils

Locality Cerveny Ujezd Hnévceves Humpolec Lukavec Suchdol
Soil type Luvisols Luvisols Cambisols Cambisols Chernozems
Soil texture clay-loamy loamy loamy loamy clay-loamy
PHy 6.2 5.7 4.5 6.1 7.0

Cox (%) 1.5 1.8 2.0 1.8 2.3
CEC (mval/kg)* 158 179 159 128 255

P cation 1 (me/kg)* 134 84 123 124 112
Kyemicn 11 (Me/kg)* 249 251 286 245 223
Mgy epiicn 1 (Me/ke)* 144 157 137 114 259
Zn,, (mg/kg)* 70 75 127 101 120

* dry matter

sewage sludge were investigated in a precise long-term
field experiment that was conducted at five localities of
the Czech Republic (Suchdol, Hnévéeves, Cerveny Ujezd,
Humpolec, Lukavec) with different soil and climatic con-
ditions since 1996. Three soil types were investigated in
the experiment: clay-loamy Chernozems, loamy Luvisols,
clay-loamy Luvisols and two loamy Cambisols. Agro-
chemical characteristics of experimental soils are de-
scribed in Table 1. Experimental plants rotated at all sites
in the following sequence: 1% year — potatoes (maize),
2M year — winter wheat, 3 year — spring barley. Experi-
mental plants were grown at all sites in the following
years: potatoes — 1997, 1998, 1999; winter wheat — 1998,
1999, 2000; spring barley — 1999, 2000, 2001. Silage maize
(cultivars Romana, Torena, Compact) was planted instead
of potatoes at Cerveny Ujezd locality (Luvisols). The
same cultivars of potatoes (Karin), of wheat (Samanta)
and of barley (Akcent) were used at all sites. Each crop
was grown at all localities in a separate field that was di-
vided into five plots (60 m?) with the following treatments:
control, sludge (basic rate of sludge), sludge 3 (triple rate
of'sludge), NPK, and NPK + Zn.

Control plots were not treated. Fresh homogeneous
anaerobically treated sewage sludge (Table 2) was ap-
plied at two different rates — basic (9.4 t/ha of dry matter)
and triple (28.2 t/ha of dry matter), and it was taken from
the same sewage disposal plant every year. Sludge was
applied once in a three-year period only before potatoes
and maize were planted. Zinc content in sewage sludge did
not exceed the Zn limiting value for sewage sludge applied
to agricultural soil (Ministry of the Environment 2001). The
content of nitrogen in sludge matter was the crucial pa-
rameter for an amount of applied sludge. The basic rate of
nitrogen in sewage sludge represents 330 kg N/ha (990 kg
N/ha —triple rate of sludge) for the whole three-year cycle.
This nitrogen rate added in sludge corresponded with the
sum of nitrogen applied during the three-year cycle by
NPK and NPK + Zn treatments. The behaviour of sludge
Zn was compared with the effect of inorganic Zn treat-
ment. Zinc [Zn (NO,),.6 H,O] at an amount that agreed
with the input of Zn in the triple rate of sludge was ap-
plied at NPK + Zn treatment. Zn inorganic salt was also
applied only before potatoes and maize were planted.
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Plots of NPK and NPK + Zn treatments were treaded with
nitrogen, phosphorus and potassium fertilisers.

Potato tubers, straw and grain of wheat and barley were
harvested at full maturity. Samples of potato haulms were
collected at time of flowering. After harvest soil and
plant samples were collected, dried, treated and pre-
pared for analyses. Plant samples were decomposed by
the dry ashing procedure in a mixture of oxidising gas-
es in APION apparatus (Miholové et al. 1993). Total Zn
content in soils was determined after two-step decompo-
sition, using APION in the first step and wet digestion
by a mixture of HF + HNO, in the second step (Mader et
al. 1998). Sequential extractions of soil and sludge sam-
ples were made according to the modified method SM&T
EUR 14763 EN (Ure et al. 1993). Zn distribution in four
soil fractions was tested: exchangeable (this fraction in-
cludes water-soluble, exchangeable and carbonate por-
tions of soil Zn), bound by Fe-Mn oxides, retained by
organic matter and residual fractions. Soil samples test-
ed by sequential extraction were taken from the same
plots of the particular localities where potatoes (maize),
wheat and barley were planted in the years 1997, 1998
and 1999, respectively. Total contents of Zn in the soils
at treatments sludge, sludge 3, NPK and NPK + Zn were
calculated as the sum of mean control soil Zn contents
and input of zinc into the soils at mentioned treatments.
Contents of Zn in plant, soil and sludge samples were de-
termined by AAS flame technique on Varian SpectrAA-400
apparatus. The quality of plant analyses was evaluated by
reference material RM 12-02-03 Lucerne. Total content of

Table 2. Basic properties of sewage sludge

Year of application 1996/1997 1997/1998 1998/1999
Dry matter (%) 33 29 30
Zinc (mg/kg)* 1580 1363 1524
Nitrogen (%)* 3.5 3.6 3.7
Sludge addition (t/ha)* 9.4 9.3 8.8

Zn addition (kg/ha) 14.9 12.7 13.4

* dry matter

PLANT SOIL ENVIRON., 49, 2003 (5): 203-212



zinc in soil and sludge was controlled by RM 7003 Silty
Clay Loam, and RM 12-03-12 Sludge, respectively. The
experimental results were processed statistically by anal-
ysis of variance of one-way ANOVA at the 95% confi-
dence level using Statgraphics program version 5.

RESULTS AND DISCUSSION

According to similar results of other authors (Némecek
etal. 1998, Morera et al. 2001) the largest portion of soil
zinc was found in residual form (80-86%). The smallest
portion of soil zinc was always found in the exchange-
able fraction (0.4—4.9%). The remaining portion of soil
zinc was bound on Fe-Mn oxides (1.4-10.9%) and formed
complexes with organic matter (3.9-16.2%). It is evident
how important is the function of Fe-Mn oxides and organ-
ic matter from the aspect of the buffering capacity of soils
for zinc. The comparison of soil zinc affinity to Fe-Mn ox-
ides and organic matter in particular soils showed that
the bond of zinc on organic matter markedly dominated in
the case of both Cambisols at Humpolec and Lukavec lo-
calities. Furthermore, similar zinc affinity to Fe-Mn oxides
and organic mater was observed on Chernozems (Such-
dol), Luvisols (Hnévé&eves) and Luvisols (Cerveny Ujezd).

The sequential extraction of sewage sludge used in
the experiment brought the following results: 5% ex-
changeable, 9% Fe-Mn oxides, 44% organic, 42% resid-
ual fraction of Zn. Because the sludge matter is really
a heterogeneous material, experimental results of other
authors can be very different. For example, Luo and
Christie (1998) and Morera et al. (2001) reported an iden-
tically negligible amount of exchangeable zinc in sludge
matter. Their published results also differed in amounts
of sludge zinc retained in the remaining fractions.

The addition of basic sludge rate usually induced only
small changes in exchangeable zinc content in all tested
soils (Figure 1). By contrast, the application of triple
sludge rate led to a considerable increase in the ex-
changeable zinc amount in both Cambisols. The content
of exchangeable zinc did not increase so markedly in oth-
er soils. A rise of exchangeable zinc content in soils was
also observed at NPK + Zn treatment, especially in both
Cambisols and Luvisols (Cerveny Ujezd). Suchdol Cher-
nozems and Hnévceves Luvisols also showed an increas-
ing portion of exchangeable zinc fraction, but not so
markedly. The expected higher content of exchangeable
zinc was not confirmed in the soil treated with NPK + Zn
compared to triple sludge rate treatment. With the excep-
tion of Hnévceves Luvisol, the amounts of exchangeable
zinc were on similar levels. These results are in contra-
diction with data published by Nyamangara (1998), who
showed a dramatic increase of zinc concentrations in the
exchangeable fraction of the soil after sludge + inorganic
zinc addition in comparison with sludge amendment only.

Changes in Zn mobility in soils in the second and third
year after sludge and fertiliser amendments are also illus-
trated in Figure 1. No significant differences in exchange-
able zinc amounts were observed between the particular
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years of the experiment in all treatments of Hnévcéeves
Luvisols and Suchdol Chernozems. Whereas the remain-
ing examined soils showed another trend of zinc mobility
in the years without sludge addition. The exchangeable
Zn concentration steeply rose in the second year after
sludge application in Cambisols Humpolec (triple sludge
rate) and Lukavec (basic sludge rate, triple sludge rate),
and returned to the level close to that determined in the
first year. Similar fate of zinc was observed in Cerveny
Ujezd Luvisols, but with such difference that the high
degree of Zn mobility steadily remained in the third year
after sludge treatment. Because it was not possible to
find any larger differences between the particular years
in plots treated with inorganic form of zinc, we conclude
that the increase of Zn amount in the exchangeable frac-
tion during the second and third year in soils with high
sludge doses can be a consequence of elevated microbi-
al activity which leads to a release of Zn from more easily
mobilised forms of sludge matter or soil (Smith 1996).
Clay-loamy Luvisols Cerveny Ujezd and loamy Cambisols
Humpolec and Lukavec appeared the most sensitive from
the aspect of increasing Zn mobility after sludge applica-
tion. It can be explained by their parameters: low pH (espe-
cially Humpolec), low CEC (especially Lukavec) and low
content of organic matter (especially Cerveny Ujezd).

Zinc bound on Fe-Mn oxides was another examined
fraction. According to the assumption, the higher input
of zinc into the soils usually caused a higher zinc amount
retained by soil Fe-Mn oxides as it can be seen in Figure 2.
The pattern of Zn concentrations found in this fraction
in different treatments is similar to the pattern of the pre-
vious fraction, but measured concentrations were twice
to three times higher. It was proved that Fe-Mn oxides
substantially participated in the soil sorption capacity for
sludge and inorganic zinc (Morera et al. 2001).

The last soil portion tested in relation to zinc behav-
iour was the organic fraction. It is obvious from the ex-
perimental results how important the role of soil organic
matter is in the process of zinc retention. The influences
of different treatments on development of zinc complex-
es with organic matter in soils were less clear compared
to the results of the previous fraction (Figure 3). Immobil-
isation of supplied sludge and inorganic zinc by binding
on soil organic compounds was determined unequivo-
cally on Lukavec Cambisols only. Similar behaviour of
added Zn was observed on Suchdol Chernozems and
Cerveny Ujezd Luvisols. The retentiveness of soil organ-
ic complexes for inorganic zinc form was established on
Humpolec Cambisols. The supplement of sludge zinc
caused a decrease in the amount of this element in the
organic fraction of the latter soil type in the first and third
year after sludge amendment. Whereas in the second year
after wheat planting the zinc amount associated with soil
organic component increased. The soil at Hnévceves
locality did not show any extreme zinc values in the or-
ganic fraction during the three-year cycle. Only a slight
increase in zinc concentrations in the organic fraction
was observed on plots with basic sludge dose and inor-
ganic zinc treatments. Furthermore, an opposite trend
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was ascertained on plots where the triple sludge dose
was applied. It is possible to conclude from the experi-
mental results of other authors (Berti and Jacobs 1996,
Luo and Christie 1998, Nyamangara 1998, Morera et al.
2001) that the increase in zinc amount temporarily immo-
bilised by binding on Fe-Mn oxides and organic matter
of soils is affected by sludge or inorganic zinc salt addi-
tion. This expectation was confirmed only partly in our
precise field experiment.

The nonliving soil organic matter is a mixture of vari-
ous compounds that differ in their chemical and physical
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— —A— — winter wheat 1998
—{1—spring barley 1999

Figure 1. Direct and consequent effects of different soil
treatments on changes in exchangeable Zn amount after
crop growing at five localities with different soil and
climatic conditions (mg/kg dry matter)

* maize was grown at Cerveny Ujezd locality only

properties very much. The contributions of soil organic
matter depend on the environmental conditions (climate,
rock parent material, time, etc.). This variability is sup-
ported by large interactions between organic and inor-
ganic portions of soils. Living organisms, especially soil
microorganisms, fungi and also plants, interfere inten-
sively into this world. Therefore the soil types differ cru-
cially in the quality and quantity of soil organic matter.
The soil treatment with sewage sludge, which is really
a heterogeneous organic material, changes the soil
properties markedly although the amount of entered
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sludge organic matter is very small compared to total
content of soil organic matter in the surface horizon
(Smith 1996). These ideas can partly explain the unclear
Zn behaviour in relation to the soil organic fraction
found in our trial.

We can suppose from the increase in Zn concentra-
tions in exchangeable and Fe-Mn oxides fractions in the
second and/or third year after sludge application com-
pared to the first year on both Cambisols (Humpolec,
Lukavec) and Luvisols (Cerveny Ujezd) that labile-bound
zinc as a component of sludge matter was not released
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Figure 2. Direct and consequent effects of different soil
treatments on changes in Zn amount bound on Fe-Mn
oxides after crop growing at five localities with different
soil and climatic conditions (mg/kg dry matter)

* maize was grown at Cerveny Ujezd locality only

very much in the first year. The relatively stable Zn or-
ganic and inorganic complexes from sludge were decom-
posed and transformed gradually.

Potatoes and silage maize (only at Cerveny Ujezd local-
ity) were crops with direct sludge treatment. Potato tubers
were harvested at full maturity. Samples of potato haulms
were collected at the time of flowering. It is evident from
Table 3 that Zn concentrations in haulms usually exceed-
ed the Zn concentration in tubers several times. The high-
er input of zinc into the soil noticeably supported an
increase of its accumulation in potato haulms, especially
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after sludge triple dose and NPK + Zn treatments. The
influence of different treatments on Zn content in tubers
was not so clear as in haulms. Except the Hnévceves lo-
cality, all Zn content changes in treatments were not sig-
nificant (Table 3). The three-year mean zinc contents in
tubers fluctuated in the range of 10-25 mg/kg of dry mat-
ter; Benes (1994) published these values for potatoes
planted on noncontaminated soils. This author assessed
the content of zinc in potato haulms too. He set up the
beginning of high zinc content in haulms 50 mg/kg of dry
matter. The Zn concentrations in haulms were usually
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Figure 3. Direct and consequent effects of different soil
treatments on changes in Zn amount bound on organic
matter after crop growing at five localities with different
soil and climatic conditions (mg/kg dry matter)

* maize was grown at Cerveny Ujezd locality only

below this value. The Zn concentrations in haulms ex-
ceeded slightly the latter level in the case of sludge triple
rate treatment on both Cambisols Humpolec and Lukavec
and markedly on NPK + Zn treatments of Hnévceves
Luvisols, Cambisols Humpolec and Lukavec. The high-
est concentrations in tubers and haulms were found iden-
tically on both Cambisols. The lowest Zn content in
tubers and haulms was recorded on Hnévéeves Luvisols
and Suchdol Chernozems, respectively. Higher mobility
of soil zinc detected on both Cambisols (Figure 1) led to
its elevated uptake by potato plants. Zn absorbed by
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Table 3. The mean three-year zinc concentrations in potato tubers and haulms (mg/kg of dry matter) and relative changes (%) of
Zn concentrations in potato tubers and haulms at different treatments compared to control treatment

Locality Treatment Tubers Haulms

(Soil type) X s % X K %

Hnévceves control 11.7 a 4.3 - 324 a 5.2 -

(Loamy Luvisols) sludge 134 a 43 14 354 a 9.0 9
sludge 3 119 a 1.6 1 439 a 11.7 35
NPK 12.1 a 2.2 4 40.0 a 8.0 23
NPK + Zn 15.0 a 3.8 28 65.1 b 17.6 101

Humpolec

(Loamy Cambisols) control 16.0 a 4.9 - 439 a 15.8 -
sludge 17.1 a 4.3 7 48.0 a 17.3 9
sludge 3 174 a 5.4 8 54.1 a 6.6 23
NPK 15.6 a 3.5 -3 522 a 22.0 19
NPK + Zn 183 a 3.6 14 88.7 a 41.8 102

Lukavec

(Loamy Cambisols) control 15.7 a 5.5 - 40.5 a 9.2 -
sludge 150 a 2.3 -5 472 a 10.2 16
sludge 3 15.6 a 5.2 -1 534 a 8.6 32
NPK 16.0 a 5.4 2 40.6 a 10.2 0
NPK + Zn 19.1 a 4.9 21 73.2 a 33.4 81

Suchdol

(Clay-loamy Chernozems) control 152 a 4.9 - 315 a 16.6 -
sludge 135 a 1.9 -11 354 a 16.3 12
sludge 3 16.2 a 5.0 6 392 a 20.3 24
NPK 139 a 5.5 -9 26.7 a 9.6 -15
NPK + Zn 154 a 3.7 1 38.8 a 22.3 23

a, b, ¢ = differences between values with the same small letter are statistically insignificant at the 95% confidence level

plants was preferentially distributed into haulms, espe-
cially at the beginning of vegetation.

The results of our trial are in contrast with Mondy et
al. (1984). They observed an evident increase in Zn trans-
port into tubers by potatoes planted in field conditions
(clay-loamy Cambisols) after repeated sludge applica-
tions. But the soil used in their experiment contained
between 640 and 693 mg Zn/kg of dry matter. Brar et al.
(2000) analysed haulms and tubers of potatoes grown in
the field (Cambisols) irrigated with water contaminated
by trace elements. Their experimental results showed dif-
ferent dynamics of zinc uptake during vegetation and
efforts of plants to protect chosen parts against nega-
tive effects of higher Zn concentrations. Zn concentra-
tions increased after 45 days of vegetation 3.5 times in
haulms and 1.8 times in tubers, and after 90 days of veg-
etation 2.3 times in haulms and 1.2 times in tubers com-
pared to control treatment irrigated with unpolluted
water in their experiments.

Zinc content in maize biomass is described in Table 4.
An obvious decrease in zinc accumulation in maize with
comparable input of this element into the soil is seen
there. Lower zinc contents in maize tissues after sludge
application compared to the control variant are in agree-
ment with experimental results of Tlusto$ et al. (2001).
They investigated the effect of sludge application on zinc
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uptake by maize in pot trials using Luvisols from the same
site (Cerveny Ujezd). By contrast, Balik et al. (1998), who
also used these Luvisols from Cerveny Ujezd in pot tri-
als, reported an increase in Zn uptake by maize after
sludge addition. Zn uptakes by maize in our experiment
do not correspond exactly to changes in zinc content
found in the exchangeable fraction after different treat-
ments. Especially the addition of inorganic zinc salt,
which caused a sharp increase in soil zinc mobility, was
reflected in the lowest accumulation of Zn in maize tis-
sues compared to other treatments.

Winter wheat was planted at all experimental sites in
the second year after sewage sludge application. Be-
cause zinc in wheat plants was preferentially transport-
ed to grains and deposited there, the Zn concentrations
in straw were always lower. The intervals of average zinc
concentrations in wheat straw and grain were 4-38 mg/kg
and 17-45 mg/kg, respectively, which corresponded with
the values published by Benes (1994). The lowest zinc
concentrations in grain and straw were observed on
Hnévceves Luvisols. By contrast, wheat accumulated
most Zn on Humpolec Cambisols. Zn values determined
in wheat planted on Suchdol Chernozems, Cerveny Ujezd
Luvisols and Lukavec Cambisols ranged between both
marginal values. As mentioned above, Humpolec Cam-
bisols had the lowest pH out of the compared soils show-
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Table 4. The mean three-year zinc concentrations in maize bio-
mass (mg/kg of dry matter) and relative changes (%) of maize
Zn concentrations at different treatments compared to control
treatment

Locality

. Treatment X s %
(Soil type)
Cerveny Ujezd control 44.0 a 18.7 -
(Clay-loamy sludge 375 a 14.7 ~15
Luvisols)
sludge 3 32.0 a 8.6 -27
NPK 294 a 9.6 -33
NPK + Zn 25.1 a 7.6 —43

a, b, ¢ = differences between values with the same small letter are
statistically insignificant at the 95% confidence level

ing a dominant effect of soil pH on high Zn availability in
this soil. Hooda and Alloway (1996) also documented
a positive influence of lower pH on higher Zn transfer

into the wheat grain grown on sludge treated soils. The
increase in soil zinc content in the exchangeable fraction
at some localities in the second year after sludge appli-
cation assumed higher Zn uptake by wheat in this exper-
iment (Table 5). Winter wheat positively responded to the
increased supply of available zinc in soils. Especially, the
wheat plants readily accepted zinc in inorganic form com-
pared to sludge borne zinc. The addition of sludge also
supported a Zn increase in plants, especially after sludge
triple rate amendment. It is important to emphasise that
plants fertilised with NPK accumulated zinc at a similar
amount like plants grown on sludge treated plots. The
results of statistical analysis (Table 5) showed signifi-
cant effects of treatments on changes in Zn content in
wheat straw produced on Hnévceves Luvisols, Cam-
bisols Humpolec and Lukavec and in grain on Suchdol
Chernozems and both Cambisols too.

Spring barley was the last tested plant in the experimen-
tal crop rotation. Barley was planted in the third year af-
ter sludge and inorganic zinc addition. Barley also

Table 5. The mean three-year zinc concentrations in grain and straw of winter wheat (mg/kg of dry matter) and relative changes (%)
of Zn concentrations in grain and straw of winter wheat at different treatments compared to control treatment

Locality Treatment Grain Straw

(Soil type) ¥ s o, X s o,

Cerveny Ujezd control 234 a 5.0 - 72 a 4.2 -

(Clay-loamy Luvisols) sludge 233 a 5.1 0 58a 4.7 -20
sludge 3 294 a 7.5 26 6.5a 4.3 -10
NPK 26.8 a 7.0 15 64 a 4.2 -12
NPK + Zn 28.2 a 3.2 21 6.8 a 3.5 -6

Hnévceves

(Loamy Luvisols) control 17.7 a 2.0 - 5.2 ab 2.1 -
sludge 19.0 a 2.9 7 5.0 ab 1.0 -4
sludge 3 19.7 a 0.8 11 5.4 ab 1.5 3
NPK 19.7 a 5.6 11 41b 0.4 -22
NPK + Zn 229 a 11.0 29 84 a 4.4 62

Humpolec

(Loamy Cambisols) control 22.5 a 2.7 - 9.7 a 2.9 -
sludge 31.4 ab 4.9 39 142 a 5.7 46
sludge 3 30.5 ab 4.0 35 7.8 a 2.1 -20
NPK 329 b 2.0 46 12.7 a 3.8 31
NPK + Zn 453 ¢ 5.9 101 37.6 b 14.2 287

Lukavec

(Loamy Cambisols) control 24.1 a 4.1 - 9.0 a 1.2 -
sludge 242 a 4.9 0.5 123 a 3.2 37
sludge 3 27.6 ab 4.4 15 9.8 ab 2.6 9
NPK 27.8 ab 2.3 15 9.4 ab 4.8 4
NPK + Zn 33.6 b 7.1 40 247 b 17.6 175

Suchdol

(Clay-loamy Chernozems) control 19.0 a 3.1 - 7.1 a 3.0 -
sludge 22.0 a 2.0 16 4.6 a 0.4 -36
sludge 3 289 b 2.9 52 8.0 a 4.5 13
NPK 24.9 ab 4.5 31 6.4 a 3.3 -10
NPK + Zn 29.8 b 4.8 57 122 a 7.8 72

a, b, c= differences between values with the same small letter are statistically insignificant at the 95% confidence level
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Table 6. The mean three-year zinc concentrations in grain and straw of spring barley (mg/kg of dry matter) and relative changes (%)
of Zn concentrations in grain and straw of spring barley after different treatments compared to control treatment

Locality Treatment Grain Straw

(Soil type) X s % X K %

Cerveny Ujezd control 27.1 a 6.7 - 109 a 6.7 -

(Clay-loamy Luvisols) sludge 269 a 5.9 -1 10.6 a 5.9 -3
sludge 3 36.8 a 10.1 35 119 a 10.1 9
NPK 29.6 a 13.0 9 7.0 a 13.0 -36
NPK + Zn 352 a 13.9 30 7.8 a 13.9 -29

Hnévceves

(Loamy Luvisols) control 249 a 5.0 - 10.6 a 5.0 -
sludge 25.6 a 2.2 3 9.6 a 2.2 -9
sludge 3 27.7 a 6.5 12 16.2 a 6.5 54
NPK 204 a 6.0 -18 99 a 6.0 -6
NPK + Zn 25.7 a 7.2 3 139 a 7.2 32

Humpolec

(Loamy Cambisols) control 264 a 4.4 - 11.7 a 4.4 -
sludge 289 a 6.2 9 18.0 a 6.2 54
sludge 3 28.0 a 7.5 6 158 a 7.5 35
NPK 28.2 a 5.8 7 142 a 5.8 21
NPK + Zn 373 a 11.1 41 14.7 a 11.1 25

Lukavec

(Loamy Cambisols) control 26.3 a 9.9 - 134 a 9.9 -
sludge 275 a 8.6 5 158 a 8.6 18
sludge 3 29.2 a 8.2 11 16.1 a 8.2 20
NPK 26.8 a 7.5 2 12.8 a 7.5 -4
NPK + Zn 303 a 10.8 15 20.5 a 10.8 54

Suchdol

(Clay-loamy Chernozems) control 24.4 a 9.5 - 11.6 a 9.5 -
sludge 269 a 8.3 10 99 a 8.3 -14
sludge 3 269 a 9.5 10 13.0 a 9.5 13
NPK 24.0 a 4.7 -1 10.1 a 4.7 -13
NPK + Zn 28.6 a 8.7 17 133 a 8.7 15

a, b, ¢ = differences between values with the same small letter are statistically insignificant at the 95% confidence level

responded to higher Zn content in the exchangeable frac-
tion in soils treated with sludge and inorganic zinc by the
increase in its uptake (Table 6). Received zinc was prefer-
entially deposited in grain contrary to straw similarly like
in wheat. These results correspond with Balik et al. (1998)
experiments. They examined the effect of sludge addition
on zinc uptake by barley and its accumulation in grain
and straw in pot trials. The ratio (x/y) between zinc con-
tent in grain (x) and straw (y) was lower in barley (2.19)
than in wheat (2.65). Barley plants usually accumulated
more zinc in grain and straw than wheat. But barley did not
respond to the elevated amount of available zinc in soils
so sensitively as wheat, as can be seen in Tables 5 and 6.
All zinc changes in barley grain and straw after different
soil amendments were statistically insignificant (Table 6).
It shows decreases in Zn uptake by barley compared to
wheat after all soil treatments on Humpolec Cambisols and
also on Lukavec Cambisols with NPK + Zn treatment.
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Distribuce frakci zinku v ptidé a jeho akumulace v bramborach, kukufici, pSenici a je¢meni po pridavku

¢istirenskych kala a anorganické Zn soli

V dlouhodobém piesném polnim pokuse zalozeném v péti lokalitich CR [Cerveny Ujezd (jilovitohlinita hnédozem), Hnév-
¢eves (hlinita luvizem), Humpolec (hlinita kambizem), Lukavec (hlinitd kambizem), Suchdol (jilovitohlinita ¢ernozem)] bylo
sledovano pisobeni odlisného hnojeni (kal, 3x kal, NPK, NPK + anorganicky Zn) na distribuci Zn mezi hlavni pidni frakce
a na jeho akumulaci v bramborach, kukufici, pSenici a je¢meni. Pomoci sekvenéni analyzy byl ziskan piehled o zastoupeni
Zn mezi témito pidnimi frakcemi: vyménnd, Fe-Mn oxidy, organicka, rezidudlni. Pfidavek kald a anorganického Zn do pudy
obvykle zvysil jeho podil ve vyménné a oxidové frakci na vSech lokalitach. ZvySena retence Zn v organické frakci po pidni
aplikaci kalu a anorganického Zn se jednoznaéné nepotvrdila. Po oSetieni pidy kaly a NPK + Zn akumulovaly brambory,
pSenice, je¢men vice Zn nez kontrolni nehnojené varianty. Naopak v biomase kukufice byl pozorovan pokles obsahu Zn pfi
jeho zvysujici se mobilité v ptidé. Nejvice Zn ptijimaly pokusné rostliny péstované na kambizemich Humpolec a Lukavec

[y

tény na ¢ernozemi Suchdol a luvizemi Hnévceves.
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