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INFLUENCE OF LIQUID MANURE
AND NPK ON SELECTED SORPTION

PROPERTIES OF SOIL

Wies³aw Bednarek1, S³awomir Dresler2,
Przemys³aw Tkaczyk3, Agnieszka Hanaka2

1Chair of Agricultural and Environmental Chemistry
University of Life Sciences in Lublin

2Department of Plant Physiology
Maria Curie-Sk³odowska University in Lublin

3Regional Chemical-Agricultural Station in Lublin

Abstract

The aim of the experiment was to assess the effect of long-term fertilization with
liquid manure applied annually and biennially and with mineral fertilizers on selected sorp-
tion properties of soil, i.e. the content of exchangeable magnesium, potassium, calcium,
sodium and as well as the value of hydrolytic acidity, sorption capacity and base cation
saturation ratio. It was found that fertilization with liquid manure, in contrast to NPK
application (N as NH4NO3, P as triple super phosphate, K as KCl), led to a significant rise
in the content of exchangeable magnesium in soil, whereas application of liquid manure or
mineral fertilizers contributed to a significant increase in the potassium content in soil.
Application of liquid manure did not cause significant changes in the value of hydrolytic
acidity between the lowest and the highest dose used, while mineral fertilization contribu-
ted to an increase in the value of hydrolytic acidity. Application of liquid manure reduced
the value of hydrolytic acidity as deep as the third layer of the soil profile. Fertilization
with liquid manure and mineral fertilizers did not affect the content of exchangeable cal-
cium in the whole soil profile, although the calcium content in the soil profile increased to
the 51-75 cm layer. Application of liquid manure and NPK did not alter significantly the
content of exchangeable sodium in soil. Upon application of both liquid manure and NPK,
no significant changes were observed in the total base exchangeable cations in soil (S) or
in the sorption complex saturation (V). However, S and V significantly increased along the
depth of sampling. It was found that fertilization with both liquid manure and mineral
fertilizers did not induce substantial changes in the soil sorption capacity, although there
was an increase in the total sorption capacity in two layers (51-75 cm and 76-100 cm)
of the soil profile.
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Key  wo rds: liquid manure; natural fertilizers; soil sorption properties; long-term
fertilization.

WP£YW GNOJOWICY I NPK NA WYBRANE
W£AŒCIWOŒCI SORPCYJNE GLEBY

Abstrakt

Celem eksperymentu  by³o okreœlenie wp³ywu wieloletniego nawo¿enia gnojowic¹, sto-
sowan¹ co rok i co dwa lata, oraz nawozami mineralnymi na wybrane w³aœciwoœci sorpcyj-
ne gleby, tj. zawartoœæ wymiennego magnezu, potasu, wapnia, sodu oraz wartoœæ kwaso-
woœci hydrolitycznej, pojemnoœæ sorpcyjn¹ i stopieñ wysycenia kationami zasadowymi.
Stwierdzono, ¿e nawo¿enie gnojowic¹ spowodowa³o istotne zwiêkszenie zawartoœci magne-
zu wymiennego w glebie w przeciwieñstwie do nawo¿enia NPK (N jako NH4NO3; P jako
superfosfat potrójny; K jako KCl). Natomiast zarówno nawo¿enie gnojowic¹, jak i nawo¿e-
nie mineralne przyczyni³o siê do istotnego przyrostu zawartoœci potasu w glebie. Nawo¿e-
nie gnojowic¹ nie spowodowa³o istotnych zmian wartoœci kwasowoœci hydrolitycznej miêdzy
najmniejsz¹ a najwiêksz¹ zastosowan¹ dawk¹, zaœ nawo¿enie nawozami mineralnymi przy-
czyni³o siê do wzrostu wartoœci kwasowoœci hydrolitycznej. Zastosowanie gnojowicy zmniej-
szy³o wartoœæ kwasowoœci hydrolitycznej do trzeciego  poziomu w profilu glebowym. Nawo-
¿enie dawkami gnojowicy i nawozów mineralnych nie spowodowa³o zmian zawartoœci
wapnia wymiennego w glebie, natomiast zawartoœæ wapnia w profilu glebowym wzrasta³a
do warstwy 51-75 cm. Nawo¿enie gnojowic¹ i NPK nie spowodowa³o istotnych zmian w za-
wartoœci sodu wymiennego w glebie. Zarówno po zastosowaniu gnojowicy, jak i NPK nie
zaobserwowano istotnych zmian w ca³kowitej zawartoœci kationów zasadowych w glebie (S),
a tak¿e stopnia wysycenia nimi kompleksu sorpcyjnego (V). Natomiast parametry S i V
istotnie wzrasta³y wraz z g³êbokoœci¹ pobrania próby. Stwierdzono, ¿e nawo¿enie zarówno
gnojowic¹, jak i nawozami mineralnymi nie spowodowa³o istotnych zmian pojemnoœci sorp-
cyjnej gleby, ale wykazano przyrost ca³kowitej pojemnoœci sorpcyjnej w dwóch warstwach
profilu gleby, 51-75 cm i 76-100 cm.

S ³ o w a  k l u c z o w e : gnojowica, nawo¿enie mineralne, w³aœciwoœci sorpcyjne gleby,
nawo¿enie d³ugoletnie.

INTRODUCTION

The 2002 agriculture census showed that farms in Poland produced
31.5 million m3 of liquid manure, which was equivalent to approximately
23 kg NPK per 1 ha of arable land. It can be assumed that production of
this fertilizer will increase as more livestock, especially cattle and swine, is
reared. Increasing application of liquid manure may induce specific changes
in the natural environment (MAZUR, S¥DEJ 1989, CHOUDHARY et al. 1996, QIAN

et al. 2005, POPERS et al. 2011). Therefore, constant monitoring of the im-
pact of the fertilizer on soil, water, plants and air is strongly advisable.
Long-term fertilization experiments may provide many interesting and reli-
able results (MAÆKOWIAK 2000, POTARZYCKI 2000, WALKER, BERNAL 2004, GONDEK

AND FILIPEK-MAZUR 2005). Analysis of the impact of a type and dose of fertilizer on
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selected soil parameters, of which the most important are the grain-size distribu-
tion, pH, organic carbon content and sorption capacity, is crucial for optimization
of growing conditions and environmental protection (POTARZYCKI 2000).

The aim of the study was to estimate the effect of long-term fertiliza-
tion with liquid manure and NPK on the sorption properties of soil,
an important element of the natural environment.

MATERIAL AND METHODS

The paper is based on results of chemical analyses of soil samples col-
lected in the spring 2002 from an experiment conducted by MAÆKOWIAK (2000)
since 1973 and used in this study with the author’s consent. The experi-
ment was performed on fenced 1 m2 plots located in the vicinity of a vege-
tation hall at the IUNG Institute of Soil Science and Plant Cultivation,
Pu³awy, Poland. The plots were filled with soil to 1 m depth. The soil was
taken from an arable field of the IUNG Experimental Station in Grabów,
Poland; its grain-size composition corresponded to loamy sand and loam in
the subsoil, where the natural layers of the soil profile were preserved. It
was only in the 0–25 cm layer that the soil had been mixed in a 2:1 ratio
with low-clay humic sandy loam, sampled from the topsoil of an arable field
at the Experimental Station of the IUNG in Sad³owice, Poland. The content
of available nutrients in the topsoil was: 2.09 mg kg–1 P and 6.47 mg kg–1

K; the pHKCl was 5.6 and the content of organic carbon equalled 1.06%.
Bovine liquid manure was applied annually at doses of 25, 50, 100 and

200 m3 ha–1 and biennially at double doses. Liquid manure was used in the
above doses during the successive seventeen years, i.e. until 1989. On aver-
age, the fertilizer contained 9.10% d.m., and 0.31% N, 0.07% P, 0.34% K,
0.16% Ca and 0.03% Mg in fresh weight. In 1990, the application of liquid
manure was discontinued and its subsequent effect was investigated until
1999. In order to compare liquid manure and mineral fertilizers, the experi-
ment included four treatments fertilized only with NPK in the form of min-
eral fertilizers at a dose approximately corresponding to half the dose of
each of these components incorporated into soil in the respective treatments
where liquid manure was applied annually. The NPK doses were: 50, 100,
200 and 400 kg ha–1 N (as NH4NO3; 34% N); 10.9; 21.8; 43.6 and 87.2 kg
ha–1 P (20% P); and 41.5; 83; 166 and 332 kg ha–1 K (as KCl; 47.3% K). No
liming was applied throughout the whole experiment. The details on the
methodology of the experiment can be found in BEDNAREK et al. (2012).

Chemical analyses were performed at the Regional Chemical and Agri-
cultural Station laboratory, Lublin, Poland, with the following methods: ex-
changeable cations (Ca2+, Mg2+, K+, Na+) after extraction with 1 mol
CH3COONH4 dm–3, pH 7.0 from the soil and quantitative determination in
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the filtrate performed with the ASA method; the content of organic carbon
was determined according to Tiurin’s method; pH was assessed in 1 mol
KCl dm–3 and hydrolytic acidity was determined by Kappen’s method after
extraction with 1 mol CH3COONa dm–3 from soil (Katalogue... 2007). Statis-
tical analyses were employed such as variance analysis with Tukey’s confi-
dence semi-intervals (α = 0.05).

RESULTS AND DISCUSSION

Annual application of liquid manure and biennial treatment with double
doses did not cause significant changes in the value of hydrolytic acidity
between the lowest and highest doses (Table 1). It was found that hydrolytic
acidity in the soil profile significantly declined reaching the third layer. Fer-
tilization with NPK resulted in a steady rise in hydrolytic acidity from 10.8
(1 NPK) to 12.8 mmol(+) kg–1 (4 NPK), creating a significant difference be-
tween the extreme doses. Similarly, POTARZYCKI (2000) reported that 20-year-
long application of cattle manure led to an evident decline in exchangeable
hydrolytic acidity (60.0 mmol(+) kg–1) in soil compared to treatments ferti-
lized with NPK (70.0 mmol(+) kg–1). In contrast, MAZUR and S¥DEJ (1989)
found that a lower dose of swine manure (46.7 t ha–1) raised hydrolytic
acidity (Hh) (33.7 mmol(+) kg–1), whereas a higher dose (126.4 t ha–1) failed
to induce such a change so that the value of this parameter was the same
as in a control, non-fertilized treatment (26.2 mmol(+) kg–1). Elevated hy-
drolytic acidity was reported by GONDEK and FILIPEK-MAZUR (2005) in their
study on mineral, organic and organic-mineral fertilizers.

Application of increasing doses of liquid manure and mineral fertilizers
did not produce regular changes in the content of exchangeable calcium in
soil (Table 1). However, the Ca2+ content in the soil profile increased steadi-
ly, particularly as deep as the third 51-75 cm layer. Literature provides dis-
crepant results of studies on the calcium content in soil, i.e. CHOUDCHARY et
al. (1996) reported its increase on application of swine manure, while QIAN

et al. (2005) found either no changes or a decline in the content of this
element. POTARZYCKI (2000) reported a significant increase in the content of
exchangeable calcium in the sorption complex of soil fertilized with liquid
manure (36.6 mmol(+) kg–1 compared to soil supplemented with NPK (11.6
mmol(+) kg–1). Similar regularities were found by MAZUR and S¥DEJ (1989),
who reported a substantial increase in the content of exchangeable calcium
(57.0 mmol(+) kg–1), particularly when a lower dose of swine manure was
applied, compared to the control treatment (44.1 mmol(+) kg–1). Soil proper-
ties, e.g. the content of exchangeable K, Mg, and Ca, were also analysed by
PYPERS et al. (2011) in their study at the 15 cm topsoil layer.
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Annual fertilization with increasing doses of liquid manure resulted in
a significant rise in the exchangeable magnesium content, especially between
the extreme doses (Table 2). A statistically confirmed increase in the Mg
form was also found in the soil profile. Similar relationships were also ob-
served at the biennial application of double doses of liquid manure. These
results are in agreement with the ones obtained in the study on swine
manure conducted by CHOUDHARY et al. (1996) and in investigations carried
out by WALKER et al. (2004) on application of poultry manure, in which an
increased content of magnesium was reported. Similarly, POTARZYCKI (2000)
found that 20-year-long application of cattle manure, compared to NKP fer-
tilization, produced an increase in the exchangeable magnesium content in
the sorption complex. A similar conclusion was drawn by MAZUR and S¥DEJ

(1989), who observed  a similar tendency during 13-year-long application of
swine manure, in contrast to a non-fertilized treatment. Different results
were obtained by QIAN et al. (2005), who reported that the Mg2+content in
soil remained on the same level or declined in response to manure fertiliza-
tion. However, application of increasing NPK doses resulted in a gradual
fall in the Mg2+ content; a reverse phenomenon was observed in the soil
profile where the content of this element significantly increased down to
the 51-75 cm layer.

Annual treatment with liquid manure and its double doses applied bien-
nially resulted in a steady and significant increase (particularly between the
extreme doses) in the exchangeable potassium content (Table 2). The re-
sults correspond well with those presented by other authors, who measured
a rise in the potassium content in soil after swine manure fertilization
(CHOUDHARY et al. 1996, QIAN et al. 2005) and poultry manure application
(WALKER et al. 2004). Similarly, POTARZYCKI (2000) reported a certain increase
in the K+ content in the sorption complex of soil fertilized with cattle ma-
nure, in comparison to mineral fertilization. In soil fertilized with swine
manure, the increase was particularly high at application of a double dose
126.4 t ha–1 (MAZUR, S¥DEJ 1989). In the topsoil and the 51-75 and
76-100 cm layers, the K+ content was significantly higher than in the
26-50 cm layer. Also, mineral fertilization produced a steady and significant
increase in the K+ content, particularly between the extreme doses. The K+

content in the soil profile was similar to that found at application of liquid
manure.

The annual application of liquid manure and biennial use of its double
doses as well as NPK treatment did not alter significantly the content of
exchangeable sodium in soil (Table 3). However, a steady increase in the
content of this form of sodium was found in the soil profile, particularly in
the third layer (51-75 cm). The investigations performed by CHOUADHARY et
al. (1996) indicated an increased content of sodium in soil treated with swine
manure. This was consistent with the results obtained by MAZUR and S¥DEJ

(1989), who reported the sodium content of 1.4 mmol(+) kg–1 in soil fertilized
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with a lower dose of swine manure and 1.6 mmol(+) kg–1 with a higher dose,
compared to 1.3 mmol(+) kg–1 in the control treatment. In contrast, POTARZY-
CKI (2000) did not find such a tendency: the Na+ content in soil fertilized only
with cattle manure and with NPK was identical (0.5 mmol(+) kg–1).

Fertilization with liquid manure caused a slight increase in the sorption
capacity in the topsoil (Table 4). Additionally, a steady increase in the total
sorption capacity in the soil profile was found, especially in the 26-50 cm
and above all in the 51-75 cm layers. POTARZYCKI (2000) reported that the
total sorption capacity in soil fertilized with cattle manure for 20 years was
101.3 mmol(+) kg–1, compared to just 85.3 mmol(+) kg–1 in response to fer-
tilization with NPK. MAZUR and S¥DEJ (1989) found that the total sorption
capacity in soil fertilized with a lower dose of swine manure was 105.7, with
a higher dose – 90.2, and in non-fertilized soil (control treatment) – only
78.2 mmol(+) kg–1.

Annual application of increasing manure doses, biennial treatment with
double doses, and use of mineral fertilizers did not cause pronounced chang-
es in the percentage of base cations (V) in the total sorption capacity
(Table 4). In contrast, there was a significant increase in the value of S in
the 26-50 and 51-75 cm layers of the soil profile, compared to the topsoil
(0-25 cm). In his studies, POTARZYCKI (2000) found that the contribution of S
to the total sorption capacity was 41%, and only 18% in soil fertilized with
NPK. Similarly, MAZUR and S¥DEJ (1989) found an increase in the share of
base cations in the total sorption capacity in soil treated with a lower (68.1%)
and higher dose of swine manure (approximately 71%), in comparison to the
control, non-fertilized treatment (66.5%).

The values of S, T, and V increased to the third layer, whereas the Hh
value declined gradually. The increase in the content of exchangeable cati-
ons in the deeper layers of the soil profile was primarily caused by some
leaching of individual cations, which were not taken up by crops and did not
undergo exchangeable sorption. Another reason was that clay, present on
the surface of the examined soil, has a higher sorption potential than sand.

CONCLUSIONS

1. Annual application of increasing doses of cattle manure resulted in
a steady increase in the content of Mg2+, K+,  Ca2+, Na+, S, and T and an
irregular increase in the H+ and V content in the arable layer (0-25 cm)
and, to a lesser extent, in  the other layers of soil.

2. Biennial fertilization with double liquid manure doses led to an in-
crease in the content of Mg2+, K+, H+, Ca2+, Na+, S, and T in the 0-25 cm
layer (and in the other soil layers). The degree of saturation of the soil with
base cations remained on a relatively stable level of 50.9-54.2%, irrespective
of the dose of the fertilizer used.
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3. Application of increasing doses of mineral (NPK) resulted in an in-
crease in the content of Mg2+, K+, H+, S, and T in the 0-25 cm layer and,
to a lesser extent, in  the other soil layers, but it did not considerably affect
the Ca2+ and Na+ content, although it lowered the V value.

4. Annual application of increasing doses of cattle manure and biennial
use of its double doses as well as the NPK treatment increased the content
of Mg2+, Ca2+, Na+, S, T, and V in the soil profile and decreased the con-
tent of H+ ions in the 51-75 cm layer.
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Miros³aw Kobierski, Halina D¹bkowska-Naskrêt
Department of Soil Science and Soil Protection

University of Technology and Life Sciences in Bydgoszcz

Abstract

In the present study, local background concentrations of heavy metals were determi-
ned in soils which have been minimally influenced by human activities. The ground mora-
ine landscape of the Inowroc³awska Plain is dominated by Phaeozems, which occur in nu-
merous associations with Luvisols and Cambisols. Four profiles of Phaeozems, three profiles
of Luvisols and two profiles of Cambisols had been researched earlier, especially their mor-
phology, selected physicochemical properties, texture and mineralogical composition. Selec-
ted properties were also measured to determine their influence on the content and distri-
bution of trace elements in soil profiles. For determination of the concentration of metals
in the soil profiles, the following indices were used: distribution factor (DI), enrichment
factor (EF) and transfer factor (TF). The total content of metals in the genetic horizons
and the local geochemical background level of metals in soils were determined. With the
knowledge of the natural content of elements in the parent material, assumed to be the
geochemical background, a degree of contamination of surface soil horizons can be evalu-
ated. The content of Zn, Cu, Ni, Pb, Cr, Mn (mg kg–1) and Fe and Ti (g kg–1), which was
defined as the content of the local background, was: 40.6; 12.6; 14.3; 12.9; 5.5; 309.9 and
16.5; 1.4, respectively. The distribution of Ni, Cr, Cu, Mn and Fe in the soil profiles can be
explained as the effect of pedogenic factors, although in the case of, a tendency towards
accumulation of Zn and Pb in the humus horizons as a result of anthropogenic input was
observed. The distribution of pedogenic Ni, Cu, Cr and Mn was influenced by specific ad-
sorption of metals on Fe oxides. The results indicate that the metals were bound more
strongly to iron oxides than to organic matter. Based on the results of geochemical studies
on selected arable soils from the Iowroc³awska Plain, an integrated method was applied to
assess the local background using an iterative 2s-technique (mean + 2 standard deviation).
The relationships between trace elements and the conservative element such as Fe were
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used to predict the expected values of trace elements in topsoil. The results substantiate
the importance of determining local background concentrations.

Key words: geochemical background, trace elements, arable soils.

LOKALNA ZAWARTOŒÆ T£A GEOCHEMICZNEGO METALI CIÊ¯KICH
W RÓ¯NYCH TYPACH GLEB WYTWORZONYCH Z GLINY

ZWA£OWEJ RÓWNINY INOWROC£AWSKIEJ

Abstrakt

W badaniach okreœlono zawartoœci t³a geochemicznego metali ciê¿kich w glebach, któ-
re by³y przekszta³cone przez cz³owieka w niewielkim stopniu. W krajobrazie moreny den-
nej Równiny Inowroc³awskiej dominuj¹ czarne ziemie bêd¹ce w licznych asocjacjach glebo-
wych z glebami p³owymi i brunatnymi. Cztery profile czarnych ziem, trzy profile gleb
p³owych i dwa profile gleb brunatnych by³y przedmiotem wczeœniejszych badañ, które doty-
czy³y ich budowy morfologicznej, wybranych w³aœciwoœci fizykochemicznych, uziarnienia
oraz sk³adu mineralogicznego. Oznaczono wybrane w³aœciwoœci gleb maj¹ce wp³yw na za-
wartoœæ metali oraz ich dystrybucjê w profilu glebowym. Okreœlaj¹c koncentracjê metali
w profilach gleb, wykorzystano nastêpuj¹ce wskaŸniki: wskaŸnik dystrybucji (DI), wskaŸ-
nik wzbogacenia (EF) oraz wskaŸnik przemieszczenia (TF). Oznaczono ca³kowit¹ zawartoœæ
metali w poziomach genetycznych oraz okreœlono zawartoœci lokalnego t³a geochemiczne-
go. Naturalne zawartoœci metali w skale macierzystej, uznane jako t³o geochemiczne, s¹
niezbêdne do oceny stopnia zanieczyszczenia poziomów powierzchniowych gleby. Zawarto-
œci lokalnego t³a geochemicznego dla Zn, Cu, Ni, Pb, Cr, Mn (mg kg–1) oraz Fe i Ti (g kg–1)
wynosz¹ odpowiednio: 40,6; 12,6; 14,3; 12,9; 5,5; 309,9 oraz 16,5; 1,4. Rozmieszczenie Ni,
Cr, Cu, Mn i Fe w profilach badanych gleb nale¿y t³umaczyæ wp³ywem czynników pedoge-
nicznych, natomiast w przypadku Pb i Zn zaobserwowano tendencjê ich akumulacji w po-
ziomach próchnicznych w wyniku antropogenezy. Rozmieszczenie Ni, Cu Cr oraz Mn by³o
spowodowane specyficzn¹ adsorpcj¹ na tlenkach ¿elaza. Wyniki badañ wskazuj¹, ¿e wiêcej
metali by³o zwi¹zanych z tlenkami ¿elaza ani¿eli z materi¹ organiczn¹.

Opracowuj¹c wyniki badañ gleb uprawnych Równiny Inowroc³awskiej, zastosowano
zintegrowan¹ metodê do oszacowania t³a geochemicznego. W tym celu wykorzystano me-
todê iteratywn¹ 2 s (œrednia + 2 wartoœci odchylenia standardowego). Relacje miêdzy me-
talami a konserwatywnym elementem, jakim jest Fe, wykorzystano w celu oszacowania
spodziewanych zawartoœci pierwiastków œladowych w poziomach wierzchnich gleb. Wyniki
badañ wskazuj¹ na potrzebê okreœlenia lokalnego t³a geochemicznego.

S³owa kluczowe: t³o geochemiczne, pierwiastki œladowe, gleby uprawne.

INTRODUCTION

Origin of trace elements in soils
Trace elements enter into an agricultural ecosystem through natural

and anthropogenic processes. The content of trace metals in soils depends
on the mineralogical composition of the geologic parent material and on the
weathering processes to which the soil forming materials have been subject-
ed (ADRIANO 1986). The behaviour of trace metals in soils is related to their
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origin and chemical forms at the time of impaction (ALLAWAY 1990). Lithoge-
nic metals are primarily inherited from the parent material. Pedogenic met-
als are of lithogenic and anthropogenic origins but their distribution in soil
profiles changes due to mineral transformation and other pedogenic process-
es. Anthropogenic heavy metals are deposited into soils as a result of hu-
man activities (KABATA-PENDIAS 2004). Colloidal materials and clay minerals
are generally surface-active and iron/manganese oxide surface coatings play
an important role in the distribution of trace metals in soil profile.  Metals
fixed by Al, Fe and Mn hydrous oxides and other crystalline solid compo-
nents are hardly mobile. The behaviour of pedogenic metals reflects several
soil properties, of which pH and redox potential are the most important
parameters. Anthropogenic metals are generally more mobile than lithogen-
ic and pedogenic ones, whose origins are difficult to distinguish (KABATA-PEN-
DIAS 1993). The duration and intensity of pedogenic processes, and parent
material characteristics significantly determine the type and distribution of
soil in landscape. Pedogenic processes clearly modify soil material by weath-
ering and leaching minerals, adding organic matter, redistributing (clay illu-
viation) and transforming material (in situ clay formation). The pedological
factors involved in distribution of trace elements in a soil profile include
surface enrichment, leaching, translocation and mobilization (ALLOWAY 1990).
The distribution of pedogenic trace metals is influenced by the specific ad-
sorption of metals on various soil constituents. Generally, soil horizons rich
in clay fraction or organic matter have higher contents of trace elements
than sandy horizons. Metals accumulate in fine-particle size fraction in soils
due to high surface areas and negative charges associated with clay miner-
als (e.g. smectite and vermiculite) and humic substances. Metal content in
soil samples are commonly used to assess contamination, however, the ac-
cumulation of metals in soils increases with the decreasing particle size
(ACOSTA et al. 2009). The main factors controlling the behaviour of trace
metals in soils are organic matter content, iron and manganese hydroxides
and redox potential. KABATA-PENDIAS (1993) referred to minerals from the top-
soil being richer in Cu and Cr than the same minerals from the parent
material while Ni – more concentrated in minerals from the parent materi-
al than from the surface horizon of soil, which may reflect a higher mobility
of Cr and Cu under chemical weathering. Certain elements, e.g. Mn, tend
to accumulate in surface horizons, while others, like Cr, are often higher in
subsurface horizons. The content of trace metals in topsoil are likely to
increase with growing industrial and agricultural activities. Due to many
anthropogenic sources of pollution, it is important to estimate the geochem-
ical background concentration of trace elements in soils. The geochemical
background levels of trace metals should represent their natural concentra-
tion. The atmosphere plays a key role in global metal cycles as it receives
inputs from many sources. Trace metals are transported and deposited hav-
ing been released into the atmosphere due to natural processes and anthro-
pogenic activity (PACYNA, PACYNA 2001). Assessment of concentrations of trace
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metals in the geological parent material, generally accepted as the geoche-
mical background, is necessary for determining the pollution degree of top-
soil. The origin of parent materials and their texture determines the amount
of heavy metals in Polish soils (Table1).

Trace elements in farmlands
Concentration of trace elements in soils is associated with geochemical

and biological cycles and generally is influenced by anthropogenic factors
such as agricultural practices, industrial activities, and waste treatment
(KABATA-PENDIAS 2004). Contamination of soils with trace elements is caused
by atmospheric deposition or by direct disposal on the soil, which includes
industrial waste disposal, impurities in fertilizers and manure, sewage sludge
and pesticides containing heavy metals. Repeated use of fertilizers and sew-
age sludge containing trace amounts of metals may cause contamination
of soils on a large scale (HE et al. 2005). Trace elements enter agroecosys-
tems through anthropogenic processes, including input of heavy metals from
fertilizers, organic manures, irrigation and wet or dry deposits, which de-
pend on the nature of and distance to point sources. On farmland, the pres-
ence of lithogenic trace metals in soils results from vertical (parent materi-
al weathering and pedogenesis) and also lateral redistribution processes,
including tillage homogenisation and erosion. The long-term effect of metal-
enriched substances application (fungicides, pesticides, and herbicides, phos-
phates containing of Cd and Pb, farm manures, biosolids) may cause con-
tamination on a large scale (McBRIDE, SPIERS 2001). Fungicides and pesticides
containing Cu and Zn are widely used to protect plants, especially in or-
chards. Phosphate fertilizers are among other sources of heavy metal input
into agricultural systems. On farmland with a long history of crop produc-
tion, the concentration of trace elements in the soil upper horizon can be
higher than that found in the parent materials. In assessments of soil con-
tamination, especially in risk assessment procedures, more parameters, such
as total carbon content, cation exchange capacity and soil reaction, are of-
ten necessary.

Terms and definitions of background values  of trace elements con-
centration

The influence of the geological substrate on trace element concentra-
tions of soils can cause developed on specific substrates to demonstrate
aberrant trace elements loads. Commonly, the terms background and base-
line are often used as synonymous. Environmental background is considered
to be descriptive of the natural tendency of an environmental material in
the absence of human influences, while an ‘environmental baseline’ is
a summary of existing conditions and can include influences of human activ-
ities such as land use. BAIZE and STERCKEMANN (2001) applicate the term ‘pedo-
geochemical background’ in relation to natural concentration of elements in
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soils. In contrast, another term ‘anthropogenic background’ used by PORTIER

(2001) defined concentrations typically observed in an area affected by hu-
man activities but that are not associated with a specific contamination ac-
tivity. The natural abundance of an element in a rock, sediments, soil with
references to a particular area is the most common definition of the term
‘geochemical backgrund’. The concept of ‘geochemical background’ comes
originally from exploration geochemistry and was introduced to differentiate
between normal concentration of element and anomalies, which might be
indicative of an ore existence. Traditionally, geochemical anomaly is an ab-
erration from the geochemical patterns that are normal for a given area.
The term ‘threshold’, which describes the limit of normal background varia-
tion, was introduced to determine the difference between background and
anomaly. The geochemical anomalies have been identified by setting thresh-
old values, which mark the upper and lower limits of normal variation for
a particular element. Values within the threshold values are referred to as
background values and those above or below as anomalies but usually ex-
pressed as a single value showing the limit between anomalous and back-
ground concentrations. This definition is used mainly in exploration, and is
not appropriate for environmental purposes. In environmental geochemis-
try, there are also problems with the definition of natural background con-
centration of trace metals. In the ISO document (ISO 2005) the term ‘ambi-
ent background concentration’ (ABC) has been used with the same meaning
as that of ‘usual background concentration’. Ambient background concentra-
tion (ABC) of a trace metals may vary depending on soil types and land uses
but consists of both a natural pedo-geochemical fraction and an anthropo-
genic fraction (ZHAO et al. 2007). Soil parent materials and pedogenic proc-
esses clearly determined ambient background concentration of trace metals
in soils. REIMAN and GARRETT (2005) introduced the term ‘ambient background’
that defines the unmeasurable perturbed and no longer original natural
background. Many slightly elevated horizons or levels in soils reflect ambi-
ent background and are no longer pristine natural since natural background
no longer exists.  The term ‘natural background’ is widely used to describe
background levels reflecting natural processes unaffected by human activi-
ties. Both effects will modify the ‘natural background’ at the location where
the material is deposited, independent of natural or anthropogenic origin
(REIMANN, GARRETT 2005). Therefore, the term natural background could be
used as long as natural processes can still be noticed. GA£USZKA et al. (2007)
described that the background values are different for remote areas, and
are governed primarily by the geologic setting of the region and it may be
assessed only on a local or regional scale. BLASER et al. (2000) suggest that
element concentration measured in a deeper soil horizon could be taken as
a ‘local background’ for the surface horizon that is more possibly affected by
anthropogenic contamination. Greatly higher element values in upper soil
horizons are usually interpreted as evidence of anthropogenic input. A spe-
cific TOP/BOT ratio as an index of relative enrichment or depletion of met-
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als in the topsoil horizon may, to certain extent, make sense on farmland,
whereas, even for arable soil, a high value in the TOP/BOT-ratio is no evi-
dence of contamination since the TOP-horizon is not 1:1 comparable to the
BOT-horizon. The surface horizons are relatively depleted of the colloidal
fraction. Clay fraction and oxyhydroxides commonly demonstrate much high-
er metals concentration than the coarser soil size fraction. REIMANN et al.
(2005), demonstrated that only several elements showed a general enrich-
ment in the TOP-layer. Researchers have suggested that contamination is
not the most likely explanation for enrichment. Zinc and manganese are
often correlated to the abundance of organic matter and for lead the expla-
nation that the enrichment is due to atmospheric input may be suggested.
It is very important that regulators recognize that ’background’ depends on
location and scale. It changes from region to region and with scale of the
area investigated. In another method, trace metals are measured in deeper
soil horizon as the local background for the upper horizons, usually after
correction for the variation of a reference element such as Zr. The relation-
ships between trace elements and semi-conservative elements such as Fe,
Al and Mn were used to predict the expected values of trace elements in
topsoils.

The term ‘geochemical baseline’ is often used interchangeably with the
term geochemical background, particularly when is used in environmental
contexts and is very important in environmental legislation, which prescribes
limits for heavy metals uncontaminated area. Baseline studies allow investi-
gators to assess chemical pattern changes in the environment resulting from
anthropogenic activity. A ‘geochemical baseline’ represents a measure of
a given soil samples in specific location and time (LEE, HELSEL 2005) and
refers to the prevailing variation in the concentration of an element in the
surface environment. Thus baselines must always be verified in any assess-
ment of sites for contamination. Therefore, a ‘geochemical baseline’ or back-
ground should be described by regional variability and it is a function of
time. The baseline concentrations, usually express as an observed or 95%
expected range, represent a measure of a given sample in a singular loca-
tion and time (MATSCHULLAT et al. 1999). They vary in regions of different
pollution, but in pristine areas, geochemical baseline concentrations are close
to background values. The normalization procedure is a widely used method
to obtain the regional geochemical baseline. The measured trace elements
have to be fitted with the references element not influenced by human ac-
tivities. The baseline can be estimated for every single point that confirms
to the linear regression conditions. Iron and alluminum as a constituent of
aluminosilicate mineral are widely used as the reference elements (DONO-
GHUE et al. 1997, ZHANG et al. 2007). Titanium and Sc have also been used as
reference elements due to their characteristics of geochemical stability in
the environmental compartments. A ‘geochemical baseline’ provides the
means to distinguish between the pedogenic and the anthropogenic origin of
trace element in the environmental compartments (ZHANG et al. 2007). The
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term ‘geochemical baseline’ has not yet been defined clearly and most com-
monly it referred to the natural abundance of an element in particular ma-
terial such as rock, sediments, and soil respect to a particular land. However,
this term was used mainly in exploration rather than environment as it
generally refers to a single value. Many times natural variation of element
concentration in different environmental sample materials is often so large
that it is difficult to identify anthropogenic addition and contamination. These
should be restricted to the local scale (REIMANN, GARRETT 2005). A statistically
determined background value and associated range cannot be used alone to
detect anthropogenic influences on the environment; geochemical mapping
at an appropriate scale is essential. To define «background» or «normal abun-
dance», a considerable number of samples have to be collected over a suffi-
ciently large area to be able to differentiate between different possible natu-
ral and anthropogenic sources. JARVA et al. (2010) concluded that geochemical
properties to a great extent determine the distribution of metals in soil.
Regional variations in the fine-fraction content of different tills reflecting
glaciation processes define element concentration. An anthropogenic impact
on baseline levels can be detected particularly in industrialised areas. REIN-
MAN and GARRETT (2005) claimed that geochemical mapping at an appropriate
scale is indispensable to create a map showing areas of relatively homoge-
nous geochemistry. A particular map of geochemically homogeneous areas
with other relevant information can be used to deduct the natural and an-
thropogenic processes that determine the distribution of metals.

Modes of chemical normalization
Since the background value for particular element is theoretical, differ-

ent methods of assessing it, i.e. geochemical, statistical, and integrated meth-
ods, may be applied. Direct (empirical) and indirect (statistical) methods are
used for assessing background concentrations of elements in specific area.
The direct (geochemical) method of assessing background concentration bears
on studies of samples not influenced by anthropogenic activities or to rela-
tively pristine areas (HORCKMANS et al. 2005). There are selected statistical
methods used not only for assessing background concentration but also for
the separation of geochemical anomalies from the geochemical background.
In statistical methods: the regression analysis, probability plots, and fractal
method have been applied (MATSCHULLAT 2000). Some selected tests (iterative
2s-technic and calculated distribution function; 4σ-outlier test; Lepeltier
method), were used to quantify the background concentration of trace met-
als in soils. Most statistical tests are only helpful in eliminating the so-
called outliers, and thus to reduce the original detaset to a clean data col-
lective. From reduced dataset the essential descriptive statistical parameters
can be calculated. The normal range of a sample is defined by the mean
±2σ, this means that ca. 95% of the samples come within the range. The
upper values describe the threshold level (mean +2σ), which means that ca.
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97% of the samples lie below this value. The iterative 2σ-technic is also an
appropriate method of background assessment and it corresponds to widely
used threshold calculation with the formula: upper limit of mean ±2σ range
(LI et al. 2003). Mean and standard deviation (σ) are calculated for the origi-
nal dataset. All values beyond the mean ±2σ interval are omitted. The mean
±2σ calculated from the resulting sub-collective is considered to reflect the
geoegenic background (MATSCHULLAT 2000). The definition of the background
as «the normal range of a sample» (mean ±2σ) requests the assumption of
a long-normal distribution.The linear relationships between the content of
individual metal of concern and a conservative element (e.g. Fe, Al) content
were defined in the form of y=ax+b, where y is the value of the metal, x is
the Fe, Al content in the samples. The data lying out of the 95% confidence
band were eliminated, and then there was created a new linear equation
with the updated dataset where all the data were within the 95% confidence
band. The measured element concentration has to be fitted with conserva-
tive elements that are not influenced by anthropogenic activities. The meas-
ured e.g. Fe, Al or Zr contents are predicted value for each element at each
samples location was computed. The predicted mean value as the critical
value and mean ±2σ as the range of the geochemical baseline for each ele-
ment, where s is the standard deviation of predicted dataset (COVELLI, FONTO-
LAN 1997). The study allowed estimating the amount of anthropogenically-
introduced metals into the arable soils.

Chemical normalization was performed by comparing the analysed sam-
ples, to the nearby non-contaminated samples of similar texture, chemical
and mineralogical composition. Background concentration of non-contami-
nated samples can be established from parent material samples (C-horizon),
below the level of anthropogenic influences, of the same region. The level
of contamination of soil with heavy metal is expressed in terms of a distri-
bution index (DI) calculated as follows:

              metal content in the solum horizon
Distribution Index (DI) =                                                            (1)

              metal content in parent material

where: DI < 1 refers to low contamination, 1 ≥ DI ≥ 3 means moderate
contamination, 3 ≥ DI ≤ 6 indicates considerable contamination and DI > 6
indicates very high contamination. Potential pollutant concentrations are to
be compared with background averages in order to calculate the enrichment
factor (EF). To identify anomalous metal concentration, geochemical nor-
malization of the trace elements data to a conservative element, such as
Fe, Al, was applied (BOURENNANE et al. 2010). In this study iron has also been
used as a conservative tracer to differentiate natural from anthropogenic
components.
Enrichment factor (EF) is defined as follows:
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where: M stands for ‘metal’.
ZHANG and LIU (2002) proposed that EF values between 0.5 and 1.5 indi-

cate the metal is entirely from crustal or natural processes, whereas values
greater than 1.5 suggest the possible anthropogenic impact in soils. Trans-
fer factor (TF) is defined as follow:

TFh = (Xh / Xp) / (Yh / Yp) (3)

 where Xh stands for the concentration of the metal in bulk soil sample in
genetic horizon, Xp is the concentration of the Ti in bulk soil sample in
genetic horizon; Yh is the concentration of metal in parent material, Yp
stands for the concentration of Ti in parent material (ACOSTA et al. 2011).
Values >1.0 indicate the accumulation of metals in soil profile due to soil
forming processes. However values of 1.0 and <1.0 show that enrichment in
metals is not detectable and loss of metals is due to pedogenic processes.

MATERIAL AND METHODS

Geological background concentrations of trace elements were determined
for arable soils in the Inowroc³awska Plain mezoregion, which are developed
on the poorly sorted glacial till. The nine representative pedons were selected
for research (Table 2). Soils developed from the Baltic glacial till, similar in
age, and the same origin, with different water regime. In addition, there is
no natural geochenical anomaly. Detailed characteristics of soils and their
morphology, selected properties were given in the previous papers (KOBIERSKI,
D¥BKOWSKA-NASKRÊT 2003a,b, KOBIERSKI et al. 2009). According to WRB taxono-
my (IUSS WRB 2007), the soils from the region represent Phaeozems (pro-
files I, II, III, IV), Luvisols (profiles V, VI, VII) and Cambisols (profiles VIII,
IX). Sampling sites with relatively small impacts of human activity were se-
lected, and soil profile samples were analysed for Zn, Cu, Pb, Cr, Ni, Fe and
Ti content. Moreover, usual data for soil characterization of some properties
(e.g. pH, hydrolytic acidity; CEC, texture, organic carbon, total carbonates)
were used. The soil was sampled from a particular genetic horizon, air-dried
and sieved through a 2 mm screen. The depth of the horizons varied accord-
ing to the soil development. In the Inowroc³awska Plain region the soil-form-
ing processes have greatly affected the initial composition inherited from par-
ent material. The mean depth of the parent material in Luvisols and
Cambisols was deeper than in Phaeozems. The following physical and chemi-
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cal properties of soil were determined by standard methods used in analytical
work: granulometric composition by Cassegrande method, pH in 1 M KCl
dm–3 – potentiometrically, organic carbon (TOC) using TOCN Primacs Skalar
Analyser, cation exchange capacity (CEC) was calculated on the basis of hy-
drolytic acidity and exchangeable bases determined with BaCl2. Total Zn and
Cu content were defined after HF and HClO4 mineralization of homogenised
soil samples according to CROCK and SEVERSON (1987). The analyses of element
concentrations were conducted using atomic absorption spectrometer (Philips
PU 9100X). The descriptive statistical analysis such as standard deviation,
standard error, regression analysis mean for metals were calculated using
Statistica 6.0 computer package. The relationships between the elemental
composition were determined using correlation and cluster analysis. The clus-
ter was performed with the method of weighted average linkage between the
groups. Person’s correlation method for the cluster intervals and the ele-
ments showing a close correlation were identified. Reference soil (SO-4) from
the Canadian Certified Reference Materials Project (BOWMAN et al. 1979) and
reagent blanks; replications were used as the quality control samples during
the analysis. The results showed no sign of contamination and revealed that
the precision and bias of the analysis were generally below 7%. The recovery
rates for the metals in the standard reference material ranged from 89 to
112%. The recovery of metals in the analysis was within <5.0%, as compared
to the reference soil material.

Soil research results for the Inowroc³awska Plain
The original stage of soil formation is the accumulation of the parent

materials. The northern part of the Polish land mass was glaciated during
the last Baltic glacial episode, and therefore the majority of parent materi-
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als in mesoregions are of glacial origin and relatively young. Glacial till
deposits are poorly sorted and heterogeneous mixtures of gravel, sand, silt,
and clay with varying texture and mineralogy. The nature, properties and
mineralogical composition of the parent materials exert a strong subsequent
control on the pathways of soil genesis. Different types of soils from the
Inowroc³awska plain were formed from glacial sediments and they may fur-
ther undergo transformations (KOBIERSKI et al. 2009). Granulometric indices
confirm the presence of typical glacial till. In the upper horizons of soil fine
sandy loam was dominated, however, in the parent material there was ob-
served homogenous sandy loam (KOBIERSKI, D¥BKOWSKA-NASKRÊT 2003a, KO-
BIERSKI 2010b). Phaeozems and Cambisols from this region were formed un-
der at least two processes including lessivage processes. The downward
leaching of soluble ions and translocation of clays in soil profiles is related
to the average depth to which water penetrates the soil. The content of
calcium carbonate in parent material is very essential to buffering as CaCO3
is able to neutralize soil acidity. Clay minerals and organic matter contents
are also important to buffering and cation exchangeable capacities. Illite dom-
inated the clay mineralogy in the soil analysed, other clay minerals such as
smectite, chlorite and interstratified minerals (illit-smectie, chlorite-smec-
tite) were also identified by XRD (KOBIERSKI, D¥BKOWSKA-NASKRÊT 2003b, KO-
BIERSKI et al. 2009).

Soils formed as a result of the interaction of soil factors and specific
soil-formation processes currently undergo strong anthropogenic effect. An
intensive agricultural cultivation of Luvisols in the Inowroc³aw Plain result-
ed in irreversible changes in their morphology, seen by including the Et
horizon to Ap horizon. The evaluation of iron forms distribution in soil pro-
files show that it can be concluded that the Cambisols researched show
qualities of stratified Luvisols (KOBIERSKI 2010a). The Fed/clay ratio profile
distribution indicates comigration of clay fraction and free iron oxides in
Phaeozems and Luvisols. Neutral and alkaline reaction and a considerable
content of organic matter do not facilitate metals mobilisation, unlike the
soils in which the degree of oxidation of iron is low under the conditions of
low redox potential. A low content of active iron in the parent material of
the soils researched can be referred to a relatively high content of calcium
carbonate, which constitutes a geochemical barrier, decreasing the mobility
of that metal (KOBIERSKI 2010a). A study of morphology of Phaeozems pro-
vides a clearer picture of recent changes in mineral phase due to soil tex-
ture, which influences the water regime in soil. Luvisols and Cambisols do
not show any gleyic process traits.
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RESULTS AND DISSCUSION

Some properties of the investigated arable soils are included in Table 3.
The soils were neutral or alkaline, with the pH in KCl ranging from 6.70 to
7.90. Soils differed in texture and organic matter content, mean values for
clay particles and organic matter contents were found in the range 7-17%
and 7.9-15.2 mg kg–1 in humus horizon, respectively. Illuvial horizons of all
the soils analysed were enriched in clay fraction. The cation exchange ca-
pacity (CEC) ranged from 29.6 to 194.5 mmol(+) kg–1 of soil. The lowest
amounts of exchangeable cations were found in horizons Et but the soils
were sorption-saturated. The horizons rich in clay fraction contained higher
content of cations.

The mobility of trace elements depends not only on the total concentra-
tion in the soil but also on soil properties, and environmental factors. Met-
als accumulate in soil in various forms: water soluble, exchangeable, car-
bonate associated and Fe-Mn oxides associated, organic matter associated
and residual forms. Experimental datasets have been tested by statistical
analysis in order to evaluate the possibility of differentiating the sampling
sites to identify possible correlations existing among metals and to assess
relationships between the chemical composition and the anthropogenic in-
fluences. Geochemical association of trace metals in the soil is mostly deter-
mined by the local geological features, pedogenesis and the characteristics
of trace elements. Soil forming processes cause variation in the distribution
of elements. The different mineral composition and differences in soil tex-
ture are factors determining metals concentrations. Cu, Ni, Cr, Mn and Fe
partly leach from the minerals and precipitate as colloidal particles. We have
observed an accumulation of metals at 42-95 cm in soil profiles. Clay frac-
tion and organic carbon content is generally considered to be important fac-
tors in evaluating the trace element concentration in soils (LIVENS 1991,
SPARK et al. 1997, TACK et al. 1997). In this study no clear positive relation-
ships between trace elements and organic carbon content was apparent but
a negative limited association of Ni and Fe with organic carbon content
could be seen (Table 4). A fairly linear relation was observed between Fe and
metals such as Cu, Ni, Cr, Mn (Table 5). The correlation between Fe and
trace elements content may be a relevant factor when determining back-
ground concentration levels. Figure 1 is the result of the cluster analysis
for the metals of the topsoil and two main groups were distinguished in the
dendrogram.

Cluster 1 consisted of Ni, Fe, Cu, Cr, Mn and Zn and cluster 2 included
Pb. One can observe four sub-clusters for cluster 1 (a) Ni, Fe; (b) Cu; (c) Cr,
Mn; (d) Zn, which indicated that Ni, Cu, Cr and Zn were mainly associated
with Fe-Mn oxides and were relatively immobile in geochemistry. This im-
plied that the first geochemical association was mainly influenced by local
geological features. The accumulation could reflect an illuvial horizon loca-
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ted here in as much as trace elements are mostly associated with the clay
fraction of soils. Therefore, it was attempted to use Fe as a proxy for clay
fraction content in the clay-rich soil materials. A strong correlation was found
between Fe and clay content for analysed profiles and so the comparison
was properly used. Finally, the trace elements could also be translocated
and then precipitated due to an increase in pH. In well-aerated acid soils
several metals (especially Zn) are substantially more mobile and bioavaila-
ble than in poorly aerated neutral or alkaline soils (TACK, VERLOO 1995).

It is very important to determine the total metals content in arable
soils in order to assess their quality and the potential risk of contamination.
Determination of the total concentration should be complemented by the
measurement of the labile fraction available to plants (KABATA-PENDIAS, PEN-
DIAS 2001). Lead is generally considered to be a fairly immobile element, as
well as a common pollutant, resulting from the long-range transport of aeri-
al contaminants (PACYNA, PACYNA 2001). The limited mobility and strong com-
plexation of Pb by organic matter result in the bioaccumulation of the ele-
ment in humus surface horizons of soils. The highest amounts of metals
found in the upper horizon (humus horizon) in comparison with subsurface
horizons indicated a chelating role of organic matter in relation to metals
(LIVENS 1991). Humic phenolic hydroxyl and carboxyl groups are mainly in-
volved in the formation of metal-humic complexes (SPARK at al. 1997, COLES,
YONG 2006).

The influence of the geological substrate on the content of trace metals
is very important and can make soils developed on specific substrates dem-
onstrate divergent trace elements loads. HORCKMANS et al. (2005) confirm the
importance of using appropriate background levels for the assessment of
contaminated soils and the necessity of determining background concentra-
tions locally. Specific substrates with possibly unpredictable trace element
loads can be present over extensive areas, designating it necessary to know
the background concentrations before defining any conclusions as to wheth-
er elevated element concentrations in soil are lithogenic or anthropogenic.
The geochemical baseline takes into account the geochemical variation in
basic geology, the different geologic units and the influence of soil-forming
processes but it also influences mineralization and anthropogenic effects
(SALMINEN, GREGORAUSKIENE 2000).

A level of contamination of farmland in Poland was evaluated in two
countrywide programs (TERELAK et al. 2000). The results of study indicated
that 80% of agricultural land is characterised by natural and 17.6% – slight-
ly elevated content of heavy metals. About 3% of arable soils are contami-
nated with heavy metals to various degrees. The expected range of metals
content in farmland soils in Poland differs significantly from the state range,
which clearly indicates that low as well as high metal concentrations in
arable soil in Poland may appear infrequently (CZARNOWSKA, GWOREK 1990,
CZARNOWSKA 1996, PIOTROWSKA, TERELAK 1997). The average Zn, Cu, Ni and Pb
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contents in farmland soils in Poland are 32.4, 6.5, 6.2, 13.6 mg kg–1 respec-
tively (OLESZEK et al. 2003).

The distribution index (DI) values ranged from 0.3 to 1.7, while enrich-
ment factor (EF) values were higher and ranged from 0.6 to 2.5 (Tables 6,
7). In the Ap horizon most profiles and in a few cases in Et and Bt horizons
there were found the highest values of both indices for respective metals.
There was reported no anthropogenic effect on the content of nickel and an
slight effect on the content of the other metals. Soil contamination assess-
ment was carried out using enrichment factor and transfer factor (Figu-
res 2, 3). The calculation of enrichment factors showed that Mn, Cu, Cr in
humus horizon ranged from 0.8 to 2.0 and Ni, and Fe from 0.8 to 1.0, and
Pb from 1.1 to 2.4 whereas Zn ranged from 0.9 to 2.4. Some of the elevated
concentrations of Zn are probably due to anthropogenic sources, mainly fer-
tilizers and pesticides used in agriculture. A long-term agricultural use of
analysed soils resulted in a slight increase in the Pb, Zn, Cu content in the
profiles of the soils, as compared with the contents determining the geo-
chemical background. The pedogenic formation of Fe oxides seems to be
a factor determining the distribution of trace metals in the depth of soil
profile. The distribution of pedogenic Cu, Zn, Ni and Pb is influenced by the
specific adsorption of metals on Fe oxides. There was found an effect of
pedogenesis on the distribution of metals in the profiles of the soils, which
refers to Ni and Fe since the transfer factor (TF) scored highest in subsur-
face horizons and the illuvial horizon of II, IV, V, VI, VIII, IX profiles (Figu-
res 2, 3). The highest TF values for lead were reported in the Ap horizon in
profiles V, VI, IX, which points to the effect of anthropogenic factors on the
accumulation of that metal. The highest TF values in horizon Ap of soils I,
II, III demonstrates a tendency to accumulate Zn, Cu and Pb as a result of
a long-term agricultural use of soils of the Inowroc³awska Plain. The distri-
bution of metals in the soil profiles was most affected by the content of clay
fraction, which was confirmed by the statistical analysis (Table 4). The dis-
tribution pattern of Zn and Cu in soil profiles of Phaeozems suggested an
accumulation of these metals in the surface horizon but Cr and Ni are grad-
ually leached down and accumulated in Bt horizon, which is conventional
view for the mechanism of metals distribution in soil profiles. The clay frac-
tion proved a strong mobility to fix the metals on their surface. The content
of metals (arithmetic means) in the parent material of analyzed soils were
considered to be the content of the geochemical background (Table 8). Re-
spectively higher content for respective metals were found after the applica-
tion of one of the statistical methods (mean + 2σ range).

The content of metals were similar to the ones presented by other au-
thors describing the content of the geochemical background for respective
metals in arable soils in analyzed region (D¥BKOWSKA-NASKRÊT et al. 2000,
2006).
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Fig. 2. Transfer factor (TF) calculated for Phaeozems
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CONCLUSIONS

1. The distribution of Ni, Cr, Cu, Mn and Fe in the soil profiles must be
the effect of pedogenic factors, however in the case of Zn and Pb, there was
observed their tendency to accumulation in the humus horizons as a result
of anthropogenic inputs.

2. The pedogenic formation of Fe oxides seems to be a factor deter-
mined the distribution of trace metals in the depth of soil profile. The dis-
tribution of pedogenic Ni, Cu, Cr and Mn was influenced by the specific
adsorption of metals on Fe oxides. The results indicate that metals were
bound more strongly to iron oxides then to the organic matter.

3. The distribution of metals in the soil profiles was most affected by
the content of clay fraction, which was confirmed by the statistical analysis.

4. The content of Zn, Cu, Ni, Pb, Cr, Mn and Fe, Ti was defined as the
content of the local background: 40.6; 12.6; 14.3; 12.9; 5.5; 309.9 (mg kg–1)
and 16.5; 1.4 (g kg–1), respectively. A long-term agricultural use of soils in
the Inowroc³awska Plain resulted in a slight increase in the Pb, Zn, Cu
content in comparison with the geochemical background.

5. The results confirm the importance of determining background con-
centrations locally. With the knowledge of the natural content of elements
in the parent material, assumed as the geochemical background, one can
evaluate the degree of contamination of topsoil.
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Abstract
Japanese bunching onion remains a less common crop in Poland, where it is mostly

grown in home gardens as a perennial plant species and used as cut foliage in early spring.
Recently, some pseudostem type cultivars producing few tillers have been developed, which
can be grown for the use of whole plants in early growth stages or for blanched pseudo-
stems like leek species. This study, comprising two field trials, has been undertaken to
evaluate the yield, its quality and nutritional value of cv. Performer Japanese bunching
onion as affected by the growing season and age of plants. Seed propagated transplants
were grown for a similar period of time from 5 Apr to 8 Jun, 6 May-8 Jul, 7 Jun-10 Aug,
8 Jul-10 Sep, 5 Aug-11 Oct or harvested 60, 75, 90, 105, 120, 135 and 150 days after plan-
ting. Plants grown for 135 and 150 days were blanched by mounding soil around the lower
leaf bases.

The results of the study indicated that plants of the same age harvested in monthly
intervals since early June to September produced similar yields, while those in October
gave lower yields, with a gradual decrease of dry matter, carotenoids, sugars, volatile oils
and nitrates (V). The delay of harvest date from 60 to 120 days after planting resulted in
a substantial yield increment with a simultaneous depletion of vitamin C, carotenoids, chlo-
rophyll a+b, sugars, volatile oils, nitrates, total N, K and Ca content. Blanched plants were
characterized by a considerably longer white portion of the pseudostem, lower content
of chlorophyll a+b, and carotenoids, and higher amounts of vitamin C.

Key words: growing period, harvest date, yield, plant composition.
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PLON I WARTOŒÆ OD¯YWCZA CEBULI SIEDMIOLATKI W ZALE¯NOŒCI
OD TERMINU UPRAWY I STOPNIA DOJRZA£OŒCI ROŒLIN

Abstrakt

Cebula siedmiolatka jest w Polsce warzywem o ma³ym znaczeniu gospodarczym, upra-
wianym jedynie amatorsko jako roœlina wieloletnia, której czêœci¹ u¿ytkow¹ jest szczypior
zbierany na wiosnê. Uzyskane w ostatnich latach odmiany tej roœliny tworz¹ce ma³¹ liczbê
odrostów mog¹ byæ uprawiane na zbiór pêczkowy ca³ych roœlin lub bardziej zaawansowane
we wzroœcie, po wybieleniu ³odygi rzekomej, podobnie jak por. Celem badañ obejmuj¹cych
dwa doœwiadczenia polowe by³a ocena plonowania oraz wartoœci biologicznej cebuli siedmio-
latki odmiany Performer w zale¿noœci od okresu uprawy i terminu zbioru. Roœliny upra-
wiano przez taki sam okres w nastêpuj¹cych terminach: 5 IV - 8 VI, 6 V - 8 VII, 7 VI - 10 VIII,
8 VII - 10 IX i 5 VIII - 11 X, lub zbierano odpowiednio po 60, 75, 90, 105, 120, 135 i 150
dniach po posadzeniu rozsady. Roœliny uprawiane przez okres 135 i 150 dni by³y bielone
przez podsypanie ziemi¹ dolnej czêœci ³odygi rzekomej.

Wyniki badañ dowiod³y, ¿e roœliny w takiej samej fazie wzrostu zbierane w miesiêcz-
nych odstêpach od pocz¹tku czerwca do wrzeœnia plonowa³y na zbli¿onym poziomie, w paŸ-
dzierniku zaœ na ni¿szym. W tym okresie nastêpowa³ systematyczny spadek zawartoœci su-
chej masy, karotenoidów, cukrów, olejków lotnych i azotanów. OpóŸnienie terminu zbioru
z 60 do 120 dni od posadzenia roœlin przyczyni³o siê do znacznego wzrostu plonu a jedno-
czeœnie spadku zawartoœci witaminy C, karotenoidów, chlorofilu a+b, cukrów, olejków lot-
nych, azotanów (V), N ogólnego, K i Ca. Roœliny charakteryzuj¹ce siê wiêkszym udzia³em
czêœci wybielonej zawiera³y mniej chlorofilu a+b oraz karetonoidów, wiêcej zaœ witaminy C.

S³owa kluczowe: termin uprawy, data zbioru, plon, sk³ad chemiczny.

INTRODUCTION

Genus Allium includes about 780 plant species, of which onion, Japa-
nese bunching onion, leek and garlic are the most important edible onion
plants. Onion, the principal Allium representative, ranks second after toma-
to in the scale of production among cultivated vegetable crops worldwide
and is grown in most regions of the world (RABINOWITCH, CURRAH 2002). Re-
gional preferences shape the popularity of other Allium crops, e.g. leek is
popular in Western Europe and Japanese bunching onion (syn. Welsh onion)
is common in China, Japan, Korea and Taiwan (WANG et al. 2005). The lat-
ter is still a less popular crop in Poland, mostly grown as a perennial plant
in home gardens to use as cut foliage in early spring (KOTLIÑSKA, KOJIMA

2000, TENDAJ, MYSIAK 2007a).
The advantages of Japanese bunching onion are its high resistance to

low temperatures, little soil requirements (KOTLIÑSKA, KOJIMA 2000, YAMASAKI

et al. 2003, SU et al. 2007), high nutritive value and unique flavour (HE et
al. 1989, LAZIÆ et al. 2002, ŠTAINER et al. 2006, TENDAJ, MYSIAK 2007b). Accord-
ing to KOTLIÑSKA and KOJIMA (2000) and HIGASHIO et al. (2007), Japanese bunch-
ing onion is particularly abundant in vitamin C, but also contains other
valuable compounds such as carotenoids, macro- and micronutrients, espe-
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cially Ca and K, as well as flavonoids, which are potent antioxidants (AOYA-
MA, YAMAMOTO 2007, MYSIAK, TENDAJ 2006, 2008). Normally, leaf blades contain
more vitamin C, carotenoids, vitamins B1, B2, niacin and minerals than the
pseudostem (WARADE, SHINDE 1998). The specific odour of the crop is attribut-
ed to volatile allyl sulphides.

In Eastern Asia, where bunching onion receives considerable attention,
many cultivars are available for different latitudes and climatic conditions
(RUBATZKY, YAMAGUCHI 1997). In Poland, a local population called Siedmiolatka
is widely grown in home gardens (TENDAJ, MYSIAK 2011). Lately however, two
new cultivars called Kroll and Wita have been developed. They are both
resistant to bolting, produce numerous tillers and abundant foliage, thus
they are suitable for harvest of green tops (Polish National List of Vegeta-
ble Plant Varieties 2010). Bejo Zaden, a Dutch seed company, has recently
developed some pseudostem type cultivars producing few tillers, which can
be grown for the use of whole plants in early stages of the growth or – like
leek species – for blanched pseudostems, usually harvested in September
(KOTLIÑSKA, KOJIMA 2000, KOTLIÑSKA et al. 2005). The cultivars Parade and
Performer belong to this type of cultivars and, having a short growing peri-
od, they may be considered as an alternative green bunching onion to bulb
onion normally used for this purpose (GREVSEN 1989). The advantage of Al-
lium fistulosum L. is its resistance to many diseases and pests of bulb on-
ion, including pink root (MARTINEZ 2005).

The common practice is to use seed propagated transplants in order to
shorten a long growth period and to enhance the blanched part of the pseu-
dostem. Plants with green leaves can be harvested 2-3 month after trans-
planting, but it may take 6 to 9 months before plants are ready to harvest
for blanched pseudostems (RUBATZKY, YAMAGUCHI 1997). Under favourable
weather conditions, Japanese bunching onion may be grown all year round
for green tops (INDEN, ASAHIRA 1990).

The aim of this study has been to evaluate the volume and biological
value of the yield of Japanese bunching onion cultivated and harvested on
different dates during a growing season.

MATERIAL AND METHODS

The study comprising two field experiments was conducted in 2009-2010
on sandy clay soil with pH 7.1 and organic matter content 1.8%. In experi-
ment I, the effects of different dates of growing the plants on field on yield,
its market quality and nutritional value of the crop were evaluated (5 Apr
to 08 Jun, 6 May-8 Jul, 7 Jun-10 Aug, 8 Jul-10 Sep, 5 Aug-11 Okt). In exper-
iment II, seedlings in all treatments were planted on 3-4 of April, while
harvest for bunches started 60 days after transplanting and continued in
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15-day intervals until 150 days after planting. Both trials were established
in a single factor design, with four replications and the plot area of 6 m2

(1.5 x 4.0 m).
Seeds of the cultivar Performer Japanese bunching onion were sown in

multicell trays filled with standard peat moss substrate. 3-4 seeds were put
into each cell containing 54 cm3 of the medium. After emergence, the
number of seedlings was reduced to two. Seedlings for experiment II and
for the first two plantings in experiment I were produced in a greenhouse
and hardened in a non-heated foil tunnel for the last ten days, while seed-
lings for the later plantings were raised in a high plastic tunnel. Well-devel-
oped seedlings with 2-3 true leaves were transplanted into a field at 30x15
cm spacing, which provided the population of 44 plants per 1 m2.

Available forms of phosphorus and potassium were elevated to 80 mg P
and 200 mg K per 1 dm3 of soil by early spring fertilization with triple
superphosphate and potassium chloride. Nitrogen in the form of ammonium
nitrate had been supplied in a preplant dose of 150 kg ha–1 shortly before
seedlings were transplanted, and mixed with the soil by harrowing. Crop
management included hand weeding of plots and irrigation of plants in
a rainfall deficiency period. In treatments harvested after 135 and 150 days
from the planting date, pseudostems of plants were blanched by mounding
soil around the lower leaf bases to a height of about 20 cm. The treatment
was conducted twice: six and three weeks before the harvest date.

Single harvest on an appropriate date for each treatment was conducted
manually. Whole plants with removed roots and yellowing leaves and pseu-
dostems of the diameter >10 mm were considered marketable yield of Japa-
nese bunching onion. The leaves of blanched plants were trimmed to 2/3
of total length. A sample of 10 plants from each plot was collected for evalu-
ation of such morphological traits as the mean weight and total length
of plant, total length of the pseudostem and its blanched portion, number
of leaves and bulb diameter.

The following were determined in samples of whole plants taken sepa-
rately from 3 replications: the content of dry matter (by drying at 105oC to
the constant weight), vitamin C (Tillman’s method), total and reducing sug-
ars (Loof-Shoorl method), chlorophyll a+b (spectrophotometric method), car-
otenoids (colorimetric method), sum of volatile oils (Farmakopea Polska VI
2002), total N (Kjeldahl´s method), nitrates (V) expressed by the amount of
NO3 – N in f.w. (ion selective electrode, Orions method ), P and Mg (colori-
metrically), Ca and K (photometric method).

The results of the field experiment and chemical analysis were evaluat-
ed statistically using analysis of variance for a single-factor design and the
least significant differences were calculated by Tukey’s test at α=0.05.



591

RESULTS AND DISCUSSION

The relationships between the examined factors, yield and nutritive val-
ue of the crop were similar in both years, hence the data are shown as
means for 2010-2011. The results suggest high suitability of the tested culti-
var Performer for production of whole plants for bunches owing to its rapid
growth, long pseudostem and low tendency to tillering. Similar, favourable
features of this cultivar were also noted in a study conducted by TENDAJ and
MYSIAK (2011).

In experiment I, where the plants were harvested in approximately one-
month intervals since 8 June to 10 September, usually 63-64 days after
transplanting, they produced the marketable yield in the range of 13.20-
16.14 t ha–1 with an average weight of a plant equal 48.08-50.89 g (Table 1).
Such yield is generally considered satisfactory when plants are harvested
within 2.5 and 3 months after planting (GRUBBEN 1994). A significant decrease
in the crop yield to 8.72 t ha–1 and in the mean plant weight to 33.32 g
occurred only in the treatment where seedlings were planted on 5 August
and harvested on 11 October. This was due to the unfavourable weather
conditions, and especially a high drop in the daily air temperature.
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Generally, plants harvested from early June until September were not
differentiated in the total height, number of leaves or length of the pseu-
dostem, while the plants collected in October demonstrated significant
growth reduction expressed in all the above measures. The bulb diameter of
plants from the first two growing terms was significantly higher than from
the later terms.
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By postponing the growing period from 5 Apr-8 Jun to 5 Aug-11 Oct,
a decrease of dry matter, carotenoids, total and reducing sugars, volatile oils
and nitrates content was induced (Tables 2, 3). Plants harvested in early
June contained 3929 mg NO3-N kg–1 f.w. A substantial decrement in the
nitrate content, down to 3378 mg kg–1 f.w., was found in Japanese bunching
onion harvested in July. Further delay of the plant cultivation period was
ineffective in accumulating NO3-N, which varied from 3001 to 3120 mg kg–1

f.w. Cultivation of plants in the summer months, from 7 June to 10 August,
appeared to be beneficial for the content of chlorophyll, total nitrogen, po-
tassium and calcium.

The content of vitamin C was rather stable and not influenced by the
cultivation term. The only exception was a high increment of this compound
in plants harvested in October. Similar, positive effects of the autumn grow-
ing season on vitamin C was observed in Swiss chard (KO£OTA et al. 2010).
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This phenomenon can be probably explained by an earlier stage of plant mat-
uration during harvest conducted in October. This explanation is somewhat
supported by our previous studies on leek, kohlrabi and zucchini (BIESIADA et
al. 2007), where plants harvested earlier or smaller fruits were a richer source
of vitamin C than plants or fruits more advanced in maturation.

The data from experiment II indicate a high and significant increment
of crop yield associated with a later harvest date, postponed from 60 to 120
days after transplanting (Table 4). Within this period of time, the marketa-
ble yield of Japanese bunching onion increased more than 4.5-fold and the
mean weight of plant rose from 42.75 g to 196.25 g, with significant en-
hancement of the plant height, number of leaves, length of the pseudostem
and bulb diameter. The size of plants obtained in the study satisfies the
requirements described by WONNEBERGER et al. (2004), such as 40-50 g for
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early harvested bunching onions and at least 150 g or for those obtained
from prolonged cultivation. Plants harvested after 130 and 150 days after
transplanting were blanched for 6 weeks by mounding soil around plants
and tops of leaves were cut off at harvest. As a result, the length of the
pseudostem’s white portion increased from the maximum of 5.2 cm in plants
harvested after 120 days of growing up to 10.0 cm and 11.0 cm, respectively.
The yield and mean weight of plant Japanese bunching onion did not change
significantly in comparison to the plants harvested 120 days after trans-
planting. The length of the blanched portion of the pseudostem is an impor-
tant market quality parameter and according to RUBATZKY and YAMAGUCHI

(1997) should reach from a quarter to a third of the total length. This re-
quirement was fulfilled by plants whose leaved had been trimmed by 1/3.
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The chemical analysis of edible parts showed that the content of most
of the investigated compounds, e.g. vitamin C, carotenoids, total and reduc-
ing sugars, volatile oils, total nitrogen, potassium and calcium, in early har-
vested plants was higher then in those obtained during harvest delayed up
to 120 days after transplanting (Tables 5, 6). Japanese bunching onion grown
for 60 days contained the highest amount of chlorophyll a+b. High accumu-
lation of nitrates, exceeding 4000 mg, found in plants harvested 60 and 75
days after transplanting was substantially reduced in plants harvested later.
In treatments harvested after 105 and 120 days as well as in plants with
blanched pseudostems, the accumulation of nitrates oscillated within 2527-
2771 mg kg–1 f.w., and the differences were not significant. A similar rela-
tionship between the age of harvested plants and NO3–N content was found
in kohlrabi and leek (BIESIADA et al. 2007). Considering the data obtained
from both field trials, we could not confirm the claim expressed by ZHU et

)�����

��	��������������	����������	������
���������

������
��
��2

������������������
	�
�������
���
�
��	
����	��	��

���


�������

�
�������

���	
����

�/

�

��

�3�

2�	��
	4

�3���

��
��2

��	��

������� �"

�-#-�

�����2

�5������

������� �"

�-#-�

��
��

�����

�3�

��	����6

�����

�3�

��	���	
���4

������� �"

�-#-�

�(

)*

�+

)��

���

),�

�)�

..-��

)(-��

)�-��

)�-��

�(-��

.)-��

�(-��

)+-��

,+-��

)�-)�

)�-*�

.)-(�

(+-��

)+-�,

++-**�

,(-*,�

()-(��

�+-)��

).-*��

*)-+��

�+-���

,�-.+

��-�.

��-+*

..-,.

+.-).

+(-)�

��-.�

�,-)

�,-)

+�-)

(+-�

��-)

.,-)

)�-)

*+-�

�(-�

�(-�

��-�

+(-�

)�-)

)+-�

+*-�

*(-�

))-�

+�-�

�)-�

�(-�

.(-�

/0& �1

)�-�
�-�

((-,
��-+� ��-�� )�-�

,�-� �

*�����

��
������
��
����
	�"��������&�
����
��"���	����������4

��������������������
�"��������������

����

��������

����������
�

���
�����

.# 1 # 

����� � 

�0�0�

#�����

�5�

6

�5�

7

�5�

��

�5�

�4

�5�

�*

)+

�-

)��

���

)1�

�)�

1+�/

���/

�-�1

�++�

+�)�

)�*�

�*)�

�/0�

/+0�

-+0�

+*0�

�*0�

-+0�

/+0�

��0�

��0�

��0�

��0�

/�0�

/�0�

*�0�

�+0�

��0�

/�0�

--0�

)'0�

�'0�

))0�

��0�

��0�

��0�

1�0�

/�0�

��0�

)�0�

*-0�

+'0�

�+0�

1+0�

-)0�

')0�

�'0�

2,$ � )�0�3 /-01 -�0� 1�0� 1�0� 0�0� ��0�



595

al. (1998) regarding a weak tendency of this vegetable crop to accumulate
nitrates, irrespective of the stage of plant maturation.

Japanese bunching onion with a blanched pseudostem contained more
vitamin C, sugars and volatile oils in comparison to plants harvested 120
days after transplanting. Adverse effects of this treatment were observed in
the case of chlorophyll a+b and carotenoids.

CONCLUSIONS

1. The results of this study indicate that Japanese bunching onion can
be produced for fresh market supply from June until October by selecting
differet dates for planting seed propagated transplants or by harvesting plants
at different stages of growth within 60 and 150 days of cultivation on a field.

2. Plants of the some age harvested in on-month intervals from June to
September produced similar yields and themean weight of plant, unlike plants
harvested in October, when these parameters were significantly lower.

3. The delay of a growing season from April – June to August – October
resulted in a decreased content of dry matter, carotenoids, total and reduc-
ing sugars, volatile oils and nitrates in Japanese bunching onion plants.

4. The yield of plants was highly dependent on their age at harvest
time and increased from 14.25 t ha–1 after 60 days to 64.38 t ha–1 after 120
days from transplanting. The mean weight of plant improved during that
time from 42.75 g to 196.25 g.

5. A more advanced stage of plant development at harvest time was
associated with a decrease of vitamin C, carotenoids, chlorophyll a+b, sug-
ars, volatile oils, nitrates, total nitrogen, potassium and calcium content.

6. Japanese bunching onion grown for 135 or 150 days whose pseu-
dostems were blanched produced similar marketable yields as those har-
vested after 120 days without blanching. Blanched plants had a substantially
longer white portion of the pseudostem, a lower content of chlorophyll a+b
and carotenoids but more vitamin C.
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Abstract

Concentration of toxic metals in milk, especially in industrial regions, may serve as
a direct bioindicator of the quality of milk and its products. But it can also function as an
indirect indicator of contamination of the environment where milk is produced. The aim of
the present study was to evaluate the content of some trace elements, i.e. Fe, Cu, Zn and
Mn, as well as toxic elements (Cd and Pb) in milk from cows maintained on farms in
three regions of Poland, including the production season as another aspect of the investi-
gations. In total, 446 milk samples were analyzed. Significant influence of the season and
production region on all the analyzed elements except Fe was noticed. Milk collected in
the Biebrza and Bieszczady regions proved to be a richer source of Cu and Mn. Regardless
of the production region, a higher content of Zn and Cu were observed in the summer,
while more Mn was found in the winter milk. In none of the analyzed milk samples, Pb or
Cd exceeded the permissible threshold.

Key words: bovine milk, trace elements, season, Eastern Poland.
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ZAWARTOŒÆ ISTOTNYCH I POTENCJALNIE TOKSYCZNYCH WYBRANYCH
PIERWIASTKÓW  ŒLADOWYCH W MLEKU KRÓW UTRZYMYWANYCH

NA TERENIE WSCHODNIEJ POLSKI

Abstrakt

Stê¿enie metali ciê¿kich w mleku, przede wszystkim w rejonach uprzemys³owionych,
jest bezpoœrednim bioindykatorem jakoœci mleka i jego przetworów, a tak¿e wskaŸnikiem
poœrednim, wskazuj¹cym na stopieñ zanieczyszczenia œrodowiska, w którym produkuje siê
mleko. Celem pracy by³a ocena zawartoœci wybranych pierwiastków œladowych, tj. Fe, Cu,
Zn i Mn, oraz toksycznych (Cd i Pb), w mleku krów utrzymywanych w gospodarstwach
wschodniej Polski, z uwzglêdnieniem sezonu produkcji. £¹cznie badaniami objêto 446 pró-
bek. Stwierdzono istotny wp³yw sezonu i regionu produkcji na zawartoœæ analizowanych
pierwiastków, z wyj¹tkiem Fe. Mleko pobierane w regionie Biebrzy i Bieszczad okaza³o siê
cennym Ÿród³em Cu i Mn. Niezale¿nie od regionu produkcji, wy¿sz¹ zawartoœæ Zn i Cu
stwierdzono w mleku pozyskiwanym w sezonie letnim, natomiast Mn w okresie zimowym.
We wszystkich analizowanych próbkach mleka stê¿enie o³owiu i kadmu by³o stosunkowo
niskie i mieœci³o siê w dopuszczalnych granicach.

S³owa kluczowe: mleko krowie, pierwiastki œladowe, sezon, wschodnia Polska.

INTRODUCTION

Essential metals, beside basic nutrients, have a vital role in the func-
tioning of a human organism. They participate in numerous metabolic proc-
esses and regulate biochemical reactions; they appear as activators or com-
ponents of some specific enzymes. Fe, Cu, Zn and Mn play a crucial role in
protection of a human body against the negative effect of toxic free radicals
(CASHMAN 2006, SCHERZ, KIRCHOFF 2006). But bovine milk also contains heavy
metals, which reduce its nutritional value and pose a hazard to the human
health. Pb and Cd prove to be the most widespread environmental toxicants
found in milk (LICATA et al. 2004).

The content of essential micronutrients and trace elements in milk de-
pends mainly on external factors, i.e. given content of elements element
content in soil, feed and water as well as its assimilability. To a lesser ex-
tent, concentration of mineral components is conditioned by factors related
to secretion of milk, i.e. a cow’s breed, stage of lactation, animal health
(CASHMAN 2006, DOBRZAÑSKI et al. 2005, GABRYSZUK et al. 2010, MALBE et al.
2010, SOLA-LARRAÑAGA, NAVARRO-BLASCO 2009, VIDOVIC et al. 2005). Another im-
portant factor influencing the occurrence of trace elements, including toxic
ones, is mainly of anthropogenic origin (DOBRZAÑSKI et al. 2005, LICATA et al.
2004). Some authors also point to the influence of a season and production
region on the content of these elements (DOBRZAÑSKI et al. 2009, ELSAYED et
al. 2011, LI-QIANG et al. 2009, PATRA et al. 2008, SOLA-LARRAÑAGA, NAVARRO-
-BLASCO 2009).
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Milk and dairy products are staple components of a daily diet of contem-
porary consumers, especially children.Thus, it is crucial to monitor regular-
ly milk quality, paying special attention toxic metals. Theirs concentration
in milk, especially in industrial regions, may serve as a direct bioindicator
of the quality milk and its products, but cal also be an indirect indicator
of contamination in the environment where milk is produced (LICATA et al.
2004, VIDOVIC et al. 2005).

The aim of the present study was to evaluate the concentration of some
trace elements (essential and potentially toxic ones) in milk of cows main-
tained on farms located in three regions of Eastern Poland, i.e. the Biebrza
River region (a buffer zone of Biebrza National Park), the Bieszczady Moun-
tains and the Lublin region. Additionally,  two production seasons were tak-
en into consideration.

MATERIAL AND METHODS

Milk samples were collected individually from each cow (daily milk) dur-
ing the summer (June-August) and winter (December-February). The re-
search included a total of 446 milk samples (Biebrza – 134, Bieszczady – 163
and Lublin – 149) obtained from three areas in Poland (Figure 1). The Bie-
brza and Bieszczady regions are considered highly valuable nature areas
and very attractive tourist destinations. They are unique in that the human
interference with nature is almost negligible. Extensive milk production dom-
inates in the farming practice in those regions, owing to large areas of
available grasslands. In the Biebrza region the main cattle breeds are the
Whiteback and Black-and-White cows, but in the Bieszczady Mountains the
Simmental cows are reared. The nutrition of cows in spring relies mainly
was on seasonal pasture forage comprising grasses and legumes supplement-
ed with hay or straw. During the winter season, the animals were fed hay
sillage, fodder beet with hay or straw additives. Milk samples from the Lub-
lin region were obtained from intensive milk production farms maintaining
the Simmental and Black and White cows. All year, the animals were given
maize silage and hay silage, while in the summer their diet was supple-
mented with forage. On all the farms, dietary rations were enriched with
nutritive fodder.

All analyses were performed in the Agroecological Central Laboratory of
the University of Life Sciences in Lublin. All reagents were of analytical
grade, with 65% HNO3 and 70% HClO4 of suprapure quality (POCh, Po-
land). The samples were wet-mineralized (Kjeldahl Flask Digestion) accord-
ing to the official procedure AOAC 986.15 (AOAC 2000). The content of mi-
croelements (Cu, Fe, Zn, Mn) was determined with the flame atomic
absorption spectrometry technique using a SOLAR 939 spectrometer (Uni-
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cam). The content of Pb and Cd was established using the flameless atomic
absorption spectrometry method in a SpectrAA 88OZ (Varian) spectrometer.

The results were analyzed statistically with the StatSoft Inc. Statistica
ver.6 software (Statsoft INC. 2003) based on a two-factor analysis of vari-
ance, achieving mean values and standard deviation. Significance of differ-
ences between mean values was determined with Tukey’s HSD test.

Fig. 1. Location of  the  research regions in Poland:
A – Biebrza River region, B – Lublin region, C – Bieszczady Mountains
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RESULTS AND DISCUSSION

The results indicate significant differences between the seasons in the
content of Zn, Cu and Mn in milk collected in the three regions. Higher
concentrations of Zn and Cu, regardless of the production region, were no-
ticed in the summer, and the content of Mn was higher in the winter sea-
son (Table 1). Differences between the seasons (in favor of the summer) for
the Zn content ranged from 0.426 mg L–1 to 0.753 mg L–1, and for Cu –
from 0.008 mg L–1 to 0.030 mg L–1. Milk produced in the Bieszczady Moun-
tains in the winter was characterized by twice as much Mn (0.132 mg L–1)
as in the summer season (0.066 mg L–1). Seasonal differences in the Mn
content did not occur in the other regions. Other authors also report sea-
sonal variation in concentrations of the analyzed elements (ELSAYED et al.
2011, GUSTAFSON et al. 2007, RODRIGUEZ et al. 2001, SOLA-LARRAÑAGA, NAVARRO-
-BLASCO 2009). Like in our study, higher levels of the elements, especially
Cu and Zn, were found in milk obtained in the summer, i.e. from cows fed
mainly pasture forage. A contrary result, i.e. higher concentrations of Cu
and Zn in milk in winter, was obtained GÓRSKA and OPRZ¥DEK (2006). The
level of Zn ranged from 3.2 (in summer) to 3.7 mg L–1 (in winter), and Cu –
from 0.048 to 0.050 mg L–1, respectively. In another study conducted in
Silesia by DOBRZAÑSKI et al. (2005), milk of cows kept on pasture was charac-
terized by more Cu (0.065-0.089 mg L–1) and less Zn (3.085-3.164 mg L–1)
than in our investigations. The concentration of Mn, however, ranged from
0.051 mg L–1 in Upper Silesia to 0.102 mg L–1 in Lower Silesia.

In both analyzed seasons, a region influence on the content of men-
tioned microelements was also stated. In the winter season milk from Lub-
lin region was characterized by the highest Zn content (4.764 mg L–1) at
the lowest Cu content (0.032 mg L–1) and Mn (0.039 mg L–1). However,
milk collected in the Biebrza region contained over twice, and in the Bieszc-
zady over three times more of Mn, respectively: 0.084 mg L–1 and 0.132 mg
L–1. In the case of Cu level, the differences between regions were much
lower. In all regions in the summer season Zn and Cu content changes
were similar to the changes in the winter. Concentration of Zn ranged from
4.312 mg L–1 (Biebrza region) to 5.341 mg L–1 (Lublin region), and Cu from
0.040 mg L–1 (Lublin region) to 0.078 mg L–1 (Biebrza region). The differ-
ences in concentration of these elements in milk mainly may be due to
their diverse content in a feed (DOBRZAÑSKI et al. 2005, GABRYSZUK et al. 2010,
MALBE et al. 2010, SCHERZ, KIRCHOFF 2006). MALBE et al. (2010) shows the ef-
fect of balancing a ration for animals kept in conventional and organic farms
on the content of elements in milk. Low Cu concentration in the milk of
cows kept in the Lublin region may indicate a high level of Zn in the ra-
tion. According to many authors (ARANCIBIA et al. 2006, LICATA et al. 2004),
Zn taken from a feed, interacting with the copper absorption system, reduc-
es the Cu bioavailability. HOSNEDLOVA et al. (2005) point at a gradual increase
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of Zn concentration in milk, at a simultaneously Cu level decrease and an
increase of cows’ milk yield. In SIMSEK et al. (2000) opinion, a content of Cu
is largely conditioned by an environment influence. This element high con-
centration (0.77-1.20 mg kg–1), the authors noted in the milk from industri-
alized areas of Turkey. This is contrary to the results of own studies,
in which showed higher levels of this element in the regions subjected
to a small degree of human pressure, such as the Bieszczady and Biebrza
regions.

The Fe content in milk was not found to have been affected by a region
or production season, although the highest concentrations of this metal in
milk were observed in the Bieszczady Mountains in summer (0.377 mg L–1)
and the lowest – in the Lublin region in winter (0.188 mg L–1). Contradictory
conclusions were presented by SOLA-LARRAÑAGA and NAVARRO-BLASCO (2009), who
demonstrated the impact of a season on the Fe content in milk at a high
value of Varimax factor (0.845). In another study conducted in seven regions
of Egypt, with varying degrees of industrialization, the highest levels of Cu,
Fe and Zn were recorded in the most heavily urbanized areas, although
higher concentrations of Cu and Fe were noticed in summer months (May-
June), and Zn – in winter (January-February) (ELSAYED et al. 2011). LI-QIANG

et al. (2009), who evaluated milk from areas of China and Japan, stated that
Zn and Fe can be transferred to milk from machinery and equipment used
during collection and processing of raw milk.

The content of microelements recorded in Sweden (LINDMARK-MANSSON

et al. 2003) was similar to our results obtained in the Biebrza and Bieszcza-
dy regions. The average concentrations of individual elements in cows’ milk
were as follows: Zn – 4.4 mg L–1, Mn – 0.10 mg L–1, and a higher content
of Cu – 0.10 mg L–1. In another study, conducted in Northern Sweden, milk
was characterized by lower levels of these elements: Zn – 4.1 mg L–1, Cu –
0.053 mg L–1 as well Mn – 0.024 mg L–1 (14). Very low concentrations of Zn
(2.016 mg kg–1) and Cu (0.002 mg kg–1) were found by LICATA et al. (2004) in
milk from various farms in Calabria, Italy. High levels of these components
in milk were shown by RODRIGUEZ et al. (2001), who conducted their research
on 8 farms located in the Canary Islands (Zn – 4.41 mg L–1 and Cu –
0.076 mg L–1).

Nutritional evaluation of milk includes determination of the content of
heavy metals such as Pb and Cd. It is important to emphasize that the
mean Pb concentrations in the analyzed milk produced in three regions of
Poland did not exceed the permissible limit, i.e. 0.020 mg L–1 (Commission
Regulation 2006). In just two milk samples collected in the Lublin region
(Table 2) the permissible level of heavy metals was surpassed. It was shown
that regardless of the production season, milk collected in the Lublin region
contained considerably more Pb than milk from the Bieszczady Mountains
(winter – 4.18 µg L–1, summer – 4.34 µg L–1) and the Biebrza region (win-
ter – 5.99 µg L–1, summer – 6.93 µg L–1). Presence of Cd was noticed in all
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the analyzed milk samples, but its content did not exceed the permissible
limit, i.e. 0.010 mg L–1 (Commission Regulation 2006). Milk from the Lublin
region was characterized by the highest content of this element. Significant
seasonal differences in the content of the analyzed heavy metals were ob-
served only for Cd in milk of cows kept in the Bieszczady Mountains (sum-
mer – 2.22 µg L–1, winter – 4.74 µg L–1). Taking into consideration that
animal feed, and consequently milk, is contaminated by dusts, fumes and
gases emitted by industry and road traffic, the present results may indicate
less heavy pollution in the Biebrza region and the Bieszczady Mountains
than near Lublin. It should be added that the Lublin region is an area put
to the strongest anthropopressure. The urban sprawl and increasing traffic
lead to elevated emission of harmful substances. Intensive agricultural pro-
duction in this region also contributes to pollution of the natural environ-
ment.

Significant differences in concentrations of trace elements between re-
gions were also found by DOBRZAÑSKI et al. (2009). In milk produced on farms
in Upper Silesia (contaminated region) significantly higher concentrations of
Cu (0.659 mg L–1), Cd (7.39 µg L–1) and Pb (0.042 mg L–1) were observed
compared to from Bystrzyca (ecologically clean area), i.e. 0.228 mg L–1,
3.88 µg L–1 and 0.021 mg L–1, respectively. It should be noted that the limit
for lead content in milk was exceeded in both regions. According to the
authors, such a high concentration of this element in milk from Lower Si-
lesia, a region considered as environmentally clean, may be due to inade-
quate milking hygiene and the impact of airborne pollution from industrial
areas.

Studies of other authors (ASLAM et al. 2011, ELSAYED et al. 2011,  LICATA

et al. 2004, SOLA-LARRAÑAGA, NAVARRO-BLASCO 2009, VIDOVIC et al. 2005) also
indicate that the location of farms has a significant impact on the heavy
metal content in milk. LICATA et al. (2004), who evaluated bovine milk pro-
duced in various farms in Calabria (Italy), confirmed the Cd presence in
only 3 out of 43 milk samples, where it equalled 1.14, 3.42 and 22.8 mg kg–1.
The Pb presence, however, was observed in all the samples but the record-
ed values, ranging from 0.1 to 9.92 mg kg–1, did not surpass the permissible
limit for this microelement. Low Cd concentration was also noticed in milk
of cows maintained in the north of Serbia, where it oscillated from 0.001 up
to 0.016 mg kg–1 (VIDOVIC et al. 2005). In Pakistan (Faisalabad), the heavy
metal residues in milk exceeded several-fold the permissible limits according
to the European standards. The average content of Cd was 0.147 mg L–1 and
Pb – 19.972 mg L–1 (ASLAM et al. 2011). Such high values, considered to be
potentially dangerous to the health of animals and humans, were probably
caused by contamination of soil and water.

Higher concentrations of Pb and Cd in milk are mainly due to the loca-
tion of farms along roads or near factories and power plants (BILANDŽIÆ et al.
2011, ELSAYED et al. 2011, LI-QIANG et al. 2009, PATRA et al. 2008, SIMSEK et al.
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2000). Several-fold higher Pb content was found PATRA et al. (2008) in milk
of cows kept near zinc smelter and aluminum processing plants (0.85 mg L–1),
compared to milk of cows kept in unpolluted areas (0.25 mg L–1). SIMSEK

et al. (2000) observed similar concentrations of Pb in an industrial area
(0.049 mg kg–1), and in areas with heavy traffic (0.032 mg kg–1). In studies
conducted in Lithuania, permissible limits for both analyzed elements were
not exceeded, although, similarly to our study, a higher content was report-
ed in the winter season (VALIUKENAITE et al. 2006). In the previous research
of KRÓL et al. (2006), similar values of the concentration of both microele-
ments were determined. The average Cd level varied from 0.002 mg L–1 in
milk from Simmental cows to 0.006 mg L–1 in milk from Polish Holstein-
Friesian Black and White cows, while the Pb content varied from 0.011 to
0.016 mg L–1, respectively. Higher concentration of both elements was ob-
served in milk obtained in the summer. The results obtained by ELSAYED et
al. (2011) confirmed the significant influence of a season (P≤0.05) on the Pb
content in milk. In the summer months, higher amounts of this element
were found. There was no effect of a production season on the Cd content
in milk.

CONCLUSIONS

In conclusion, it should be stated that the significant effect of a season
and production region on the content of all the analyzed elements except Fe
was noticed. Milk collected in the Biebrza and Bieszczady regions proved to
be a richer source of Cu and Mn. Regardless of the production region, high-
er levels of Zn and Cu were observed in the summer season, and Mn was
more abundant in the winter. The average concentration of Pb and Cd did
not exceed the permissible limits. It should be underlined, however, that in
all the analyzed milk samples the presence of both elements was observed,
even in milk from the Biebrza and Bieszczady regions, which are commonly
recognized as ecologically clean. Taking into consideration the fact that Pb
and Cd accumulate in living organism, constant monitoring of these ele-
ments in milk and other food products seems advisable.
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Abstract

Calcium ions are involved in several processes occurring in the avian pineal, including
the regulation of melatonin secretion. The aim of study was to investigate distribution of
calcium ions in the pineal organ of domestic turkey at the level of electron microscopy.
The study was performed on 12 female turkeys housed in a cycle of 12L : 12 D (light
intensity 300 lux; 07:00 – 19:00), starting from the third week of life. At the age of 12 we-
eks, the birds were anesthetized with halothane and sacrificed by decapitation at 14:00
and at 02:00 (in darkness). The pineals were fixed using the potassium pyroantimonate
method, which enables visualization of calcium ions in the form of electron dense precipi-
tates.

Extremely numerous, large precipitates of calcium pyroantimonate were observed be-
tween collagen fibres of the connective tissue surrounding the pineal follicles. The number
of precipitates in the follicles was much lower than in the neighbouring stroma. Precipita-
tes were numerous in intercellular spaces between cells forming the follicular wall. In con-
trast, they were infrequently observed in the follicular lumen. In pinealocytes, large amo-
unts of precipitates were present in the nucleus, mitochondria and short, wide cisterns
of the smooth endoplasmic reticulum. Precipitates were sparse in the apical prolongations
of rudimentary-receptor pinealocytes. The content of precipitates did not differ prominen-
tly between individual pinealocytes. Precipitates in the cytosol of both rudimentary-recep-
tor pinealocytes and secretory pinealocytes were much more numerous in the organs ta-
ken ex vivo during nighttime than during daytime. Supporting cells contained much fewer
precipitates than pinealocytes.

Key words: calcium, pineal organ, cytochemistry, pyroantimonate, turkey.
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ULTRACYTOCHEMICZNA LOKALIZACJA JONÓW WAPNIOWYCH
W SZYSZYNCE INDYKA

Abstrakt

Jony wapniowe uczestnicz¹ w wielu procesach zachodz¹cych w szyszynce ptaków,
w tym m.in. w regulacji wydzielania melatoniny. Celem badañ by³o okreœlenie rozmiesz-
czenia jonów wapniowych w szyszynce indyka domowego na poziomie mikroskopu elektro-
nowego. Badania przeprowadzono na 12 indyczkach utrzymywanych od 3. tygodnia ¿ycia
w warunkach cyklu œwietlnego 12 h œwiat³a : 12 h ciemnoœci (œwiat³o o natê¿eniu 300 lx
na poziomie pod³ogi; od  07:00 do 19:00). W wieku 12 tygodni ptaki poddano eutanazji o go-
dzinie 14:00 oraz 02:00. Szyszynki utrwalono w mieszaninie zawieraj¹cej piroantymonian
potasu, co umo¿liwi³o wizualizacjê jonów wapniowych w postaci elektronowo gêstych pre-
cypitatów.

Szczególnie liczne du¿e precypitaty piroantymonianu wapnia wystêpowa³y miêdzy w³ók-
nami kolagenowymi tkanki ³¹cznej otaczaj¹cej pêcherzyki szyszynki, natomiast ich liczba
w pêcherzykach by³a znacznie mniejsza. Liczne precypitaty wystêpowa³y w przestrzeniach
miêdzykomórkowych miêdzy komórkami buduj¹cymi œcianê pêcherzyków, zaœ tylko poje-
dyncze obserwowano w œwietle pêcherzyków. W pinealocytach bardzo liczne precypitaty by³y
obecne w j¹drze komórkowym, mitochondriach oraz krótkich, szerokich cysternach siateczki
œródplazmatycznej g³adkiej. W wypustkach wierzcho³kowych pinealocytów szcz¹tkowo-re-
ceptorowych wystêpowa³a niewielka liczba precypitatów. Zawartoœæ precypitatów nie ró¿ni-
³a siê wyraŸnie w poszczególnych pinealocytach. Precypitaty wystêpuj¹ce w cytozolu pine-
alocytów szcz¹tkowo-receptorowych i pinealocytów wydzielniczych by³y znacznie liczniejsze
w szyszynkach pobranych podczas nocy ni¿ w trakcie dnia. Komórki podporowe zawiera³y
znacznie mniej precypitatów ni¿ pinealocyty.

S³owa kluczowe: wapñ, szyszynka, cytochemia, piroantymonian, indyk.

INTRODUCTION

The avian pineal organ, probably due to its intermediate evolutionary
position between the pineals of lower vertebrates and mammals, is charac-
terized by a very intricate internal structure and complex functional organi-
zation (VOLLRATH 1981, PRUSIK, LEWCZUK 2008a, b). The pineal parenchyma in
birds is composed of three cell populations: pinealocytes, supporting cells
and neurons (VOLLRATH 1981, PRUSIK et al. 2006, PRUSIK, LEWCZUK 2008a). Fun-
damental differences in the ultrastructure of avian pinealocytes lead to their
classification into receptor pinealocytes, rudimentary-receptor pinealocytes
and secretory pinealocytes. Supporting cells are represented by ependymal-
like cells and astrocyte-like cells. The histological structure of the avian
pineal organ shows prominent interspecies differences, therefore three main
forms of the organ are distinguished: saccular, tubulofollicular and solid
(VOLLRATH 1981, PRUSIK, LEWCZUK 2008a). Recently, an intermediate solid-fol-
licular type has been acknowledged (OHSHIMA,  HIRAMATSU 1993, HALDAR, BISH-
NUPURI 2001).
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Avian pinealocytes are directly photoreceptive due to the presence of
two photopigments: pinopsin and melanopsin (OKANO et al. 1994, 1997, CHAU-
RASIA et al. 2004, HOLTHUES et al. 2005). Moreover, they contain a circadian
oscillator, composed by a set of clock genes, that is the genes responsible
for generation of an endogenous circadian rhythm of pinealocyte activity
(MURAKAMI et al. 1994, OKANO, FUKADA 2003, CSERNUS et al. 2005). Thus, pine-
alocytes in birds, unlike in mammals, are more or less autonomous (de-
pending on the species and the stage of postembryonic development) in the
creation and entrainment of the diurnal rhythm of melatonin secretion (BAR-
RETT, UNDERWOOD 1992, PRUSIK 2005, PRUSIK, LEWCZUK 2008b). In the vast ma-
jority of species, this autonomy is partially limited by the sympathetic in-
nervation, which belongs to the multisynaptic pathway connecting the pineal
organ with the hypothalamus and the retina (CASSONE et al. 1990, PRUSIK,
LEWCZUK 2008b).  Norepinephrine released from the sympathetic nerve fib-
ers, acting via α2-adrenoceptors, inhibits melatonin secretion during the pho-
tophase (PRUSIK 2005, PRUSIK, LEWCZUK 2008b).

It is generally considered that calcium ions are involved in several proc-
esses occurring in avian pinealocytes, including photoreception, regulation
of melatonin secretion and exocytosis of microvesicles; nevertheless, many
aspects of the mechanisms of Ca2+ action in these cells are still poorly rec-
ognized (ZATZ 1989, 1992, ZATZ, MULLEN 1988b, D’-SOUZA, DRYER 1994, 1996,
ZATZ, HEATH 1995, ALONSO-GOMEZ, IUVONE 1995, PABLOS et al. 1996, NIKAIDO,
TAKAHASHI 1998, AGAPITO et al. 1998), for instance, subcelullar localization
of Ca2+ in parenchymal cells has been not described in birds yet.

The present study was undertaken to investigate the distribution of cal-
cium ions in the pineal organ of domestic turkey at the level of electron
microscopy. The turkey pineal organ was chosen as the subject of our inves-
tigations because 1) it represents the tubulofollicular type of the pineal pa-
renchyma organization, which is the most common in birds (PRZYBYLSKA-GOR-
NOWICZ et al. 2005); 2) it contains well-developed rudimentary-receptor
pinealocytes (with the prominent apical prolongations and regular, stratified
distribution of organelles) and simultaneously numerous secretory pinealo-
cytes (LEWCZUK 2000, PRUSIK, LEWCZUK 2008a); 3) turkey pinealocytes are pho-
tosensitive, possess an effective endogenous oscillator and are influenced by
the sympathetic innervation (PRUSIK 2005, PRUSIK, LEWCZUK 2008b); 4) the
diurnal rhythm of melatonin secretion by turkey pinealocytes is character-
ized by a high amplitude (PRUSIK 2005, ZAWILSKA et al. 2006, PRUSIK, LEWCZUK

2008b), which seems to be important in studies on day-night differences
in Ca2+ distribution.

The study was performed using the potassium pyroantimonate ultracy-
tochemical method, which enables visualization of calcium ions in the form
of electron dense precipitates and is  commonly used for ultracytochemical
localization of calcium ions in biological samples (KLEIN et al. 1972, APPLETON,
MORRIS 1979, KRSTIÈ 1985, LEWCZUK et al. 1994, 2007, MENTRE, ESCAIG 1988,
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PIZARRO et al. 1989a,b, THERON et al. 1989, TUTTER et al. 1991, WICK, HEPLER

1982). Studies on chemical composition of pyroantimonate deposits have dem-
onstrated that Ca is the predominant (beside small amounts of K, Na, Mg)
or the only element associated with antimony (SUZUKI, SUGI 1989, MENTRE,
ESCAIG 1988). The potassium pyroantimonate technique is the only one sen-
sitive enough to demonstrate intracellular calcium ions at the level of elec-
tron microscopy in mammalian pinealocytes (TUTTER et al. 1991).

MATERIAL AND METHODS

The study was performed on 12 females of the domestic turkey (Melea-
gris gallopavo). The birds were housed in a cycle of 12 hours light : 12 hours
dark, starting from the third week of life. During the photophase (between
07:00 and 19:00), fluorescent lamps provided light of the intensity of 300 lx
at the floor level. The birds had free access to standard food and water. At
the age of 12 weeks, turkeys were anesthetized with halothane and sacri-
ficed by decapitation at 14:00 and at 02:00. All procedures (including  eutha-
nasia, tissue preparation and fixation) during the scotophase were made in
darkness with the help of personal noctovisors. The experiment was per-
formed in compliance with the Polish law.

The pineal organs were removed immediately after death, divided into
small pieces and fixed in a solution containing 2% glutaraldehyde, 2% potas-
sium pyroantimonate and 0.735% potassium acetate for 2 hours at 4oC
(pH 7.5). After the first step of fixation, the pieces were rinsed three times
(10 min each) with 0.735% potassium acetate in distilled water, incubated
for 2 hours in 1% aqueous solution of osmium tetroxide containing 2% po-
tassium pyroantimonate and 0.735% potassium acetate. Next, the pieces
were washed in potassium acetate solution to remove any unreacted potas-
sium pyroantimonate and to prevent nonspecific precipitation, dehydrated
and embedded in Epon 812. Semithin sections were cut from each block of
the tissue, stained with toluidine blue and examined under a light micro-
scope in order to choose the sites for preparation of ultrathin sections. Both
contrasted (with lead citrate and uranyl acetate) and uncontrasted ultrathin
sections were examined in the Tecnai G2 Spirit BioTwin transmission elec-
tron microscope (FEI, USA) equipped with two digital cameras: Veleta
(Olympus, Japan) and Eage 4k (FEI, USA).

For the control purposes, pieces of the pineal organs were prefixed for
30 minutes in a mixture of 2% glutaraldehyde and 0.735% potassium ace-
tate, and then incubated (at 40oC) for 60 minutes in 0.735% potassium ace-
tate solution with 2.5% EGTA or without EGTA, prior to the above described
pyroantimonate procedure.
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RESULTS

Ultrastructure of the turkey pineal organ
Parenchyma of the turkey pineal consisted of follicles containing a round

or oval lumen, variable in size (Figure 1a). The follicles were surrounded by
the thick basement membrane and separated from one another by the con-
nective tissue septa, penetrating inside the organ from the capsule. The
follicular wall was composed by rudimentary-receptor pinealocytes and epend-
ymal-like supporting cells, which together created a single layer of elongat-
ed cells bordering the lumen, and by secretory pinealocytes and astrocyte-
like supporting cells forming one or more layers of oval cells located at the
periphery of the follicle (Figure 1b). Rudimentary-receptor pinealocytes pos-
sessed highly regular organization, with stratified distributions of organelles
in the form of four zones: 1) perinuclear zone, 2) zone with the rough endo-
plasmic reticulum, 3) zone with the Golgi apparatus and 4) zone with mito-
chondria (Figure 1b). These cells created the apical prolongation extending
into the follicular lumen and the basal process ending close to the basement
membrane. Secretory pinealocytes were characterized by an irregular distri-

Fig. 1a. Fragment of the semithin section through the turkey pineal organ stained
with toluidine blue showing the follicles (F) and the connective tissue stroma (CT).

Note pseudo-stratified distribution of cells forming the follicular wall. L – follicular lumen;
Fig. b – diagram illustrating the ultrastructure of the turkey pineal organ prepared on the

basis of electron microscopic studies: L – follicular lumen, F – follicular wall,
CT – connective tissue stroma, 1 – rudimentary-receptor pinealocytes, 2 – secretory
pinealocytes, 3 – ependymal-like supporting cells, 4 – astrocyte-like supporting cell,

5 – capillary vessels, 6 – the basement membrane, 7 – collagen fibres
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bution of organelles and possessed different numbers of cell processes (Fig-
ure 1b). Supporting cells contained numerous intermediate filament filling
the basal part of ependymal-like cells and almost whole cytoplasm of astro-
cytes-like cells (Figure 1b).

Distribution of pyroantimonate precipitates in the pineal organs
fixed during day-time

Extremely numerous, usually large, precipitates of calcium pyroanti-
monate were observed between collagen fibres of the connective tissue sur-
rounding the pineal follicles (Figure 2b, c). The number of precipitates in
the follicles was much lower than in the neighbouring stroma (Figure 2a).
Precipitates were numerous in intercellular spaces between the cells form-
ing the follicular wall (Figure 2a). In contrast, they were infrequently
observed in the follicular lumen (Figure 2a, 3b). A clear difference in the
amount of  precipitates was observed between cells forming the wall of the
follicle. Rudimentary-receptor pinealocytes (Figure 3a–e, 4a–d) and secretory
pinealocytes (Figure 5) contained much more calcium precipitates than the
supporting cells (Figure 6a–e).

In rudimentary-receptor pinealocytes, precipitates were present mainly
in the nucleus (Figure 3c) and mitochondria (Figure 3a,b,d, 4a). Numerous
precipitates were also found in short, wide cisterns located in the upper
part of the cells (Figure 4b), whereas other components of the reticulum
were sparse in precipitates (Figure 3a,e). Abundant precipitates were also
observed in myelin-like structures surrounding the lipid droplets (Figure 4c).
A few precipitates occurred in the endings of basal processes, where they
were located close to a clear and granular vesicle as well as in the cytosol
(Figure 4d). Precipitates were also sparse in apical prolongations extending
into the follicular lumen, except for mitochondria, which – as usual – con-
tained numerous precipitates (Figure 3a,b). There were no prominent differ-
ences in the amount of precipitates between individual pinealocytes of the
rudimentary-receptor type.

In secretory pinealocytes, calcium pyroantimonate precipitates were ac-
cumulated mainly in the nucleus, mitochondria and some cisterns of smooth
endoplasmic reticulum (Figure 5). Less numerous precipitates was found in
cytosol. Amounts of precipitates did not differ markedly between individual
secretory pinealocytes.

Calcium precipitates in ependymal-like cells were present mainly in the
nucleus and in the upper part of cytoplasm, where they were localized main-
ly in mitochondria, cisterns of smooth endoplasmic reticulum and in the
cytosol (Figure 6a). Precipitates were infrequently observed in the areas of
cytoplasm filled with intermediate filaments (Figure 6b,c). Astrocyte-like sup-
porting cells contained a small number of precipitates located mainly in the
nucleus and mitochondria (Figure 6d,e).
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Fig. 2. Distribution of calcium pyroantimone precipitates in intercellular spaces between
cells forming the follicular wall (Fig. a) and in the connective tissue surrounding

the pineal follicle (Fig. b, c) in organs taken ex vivo during daytime. Intercellular spaces
between the adjacent cells in the follicular wall are filled by precipitates (see Fig. a).

 Note the presence of numerous precipitates between collagen fibres (in Fig. b – arrows and
Fig. c) and a few precipitates inside the follicular lumen (L in Fig. a).

a

b c
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Fig. 3. Distribution of calcium pyroantimone precipitates in various parts
of rudimentary-receptor pinealocytes in the pineal organs taken ex vivo during daytime:

a, b – precipitates in the apical prolongations (A), the zones with mitochondria (M) and the
zones containing the Golgi apparatus and granular endoplasmic reticulum (AG-GER),
L – follicular lumen, c – precipitates in the cell nucleus (N) and the basal process (P),

d – precipitates in the zone containing mitochondria, e – precipitates in the zones containing
the Golgi apparatus and granular endoplasmic reticulum. Note the presence of numerous
precipitates in mitochondria and cell nuclei as well as a low content of precipitates in the

apical prolongations and the areas containing
the granular endoplasmic reticulum
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 Fig. 4. Subcellular distribution of calcium pyroantimone precipitates
in rudimentary-receptor pinealocytes in organs taken ex vivo during daytime:
a – precipitates in the mitochondrial matrix, b – precipitates in wide cisterns
of smooth endoplasmic reticulum, c – precipitates in myeloid-like structures

surrounding lipid droplets, d – precipitates inside or close to clear vesicles (arrows)

Fig. 5. Localization of calcium pyroantimone precipitates in secretory pinealocytes in organs
taken ex vivo during daytime. Note the presence of numerous precipitates in the nucleus

(N), mitochondria (arrows), wide cisterns of the smooth endoplasmic reticulum
(double arrows) and around the lipid droplet (L)
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Fig. 6. Distribution of calcium pyroantimone precipitates in ependymal-like supporting cells
(a, b, c) and astrocyte-like supporting cells (d, e) in organs taken ex vivo during daytime.
Precipitates are present mainly in the nuclei (N) and in mitochondria (arrows). They are

sparse in areas filled with filaments (asterisks)
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Distribution of pyroantimonate precipitates in the pineal organs
fixed during night-time

General patterns of calcium precipitate distribution in the pineals fixed
during the scotophase were similar to those in the organs fixed during the
photophase. The most important difference concerned the presence of much
more numerous precipitates in the cytosol of rudimentary-receptor pinealo-
cytes (Figure 7a) and secretory pinealocytes (Figure 7b) taken ex vivo dur-
ing nighttime than during daytime.

Control
Pretreatment of tissues in a solution containing EGTA – divalent cati-

ons chelator – resulted in a complete lack of precipitates. Analogous incuba-
tion without the use of EGTA did not affect the presence of precipitates.

DISCUSSION

Calcium ions together with cAMP molecules play a crucial role in the
regulation of melatonin secretion in avian pinealocytes, but the precise mech-
anisms of Ca2+ influence on the pineal hormone synthesis and the interac-
tions between these two second messengers are poorly recognized (ZATZ, MUL-
LEN 1988a, ZATZ 1989, 1992, ALONSO-GOMEZ, IUVONE 1995, PABLOS et al. 1996,
AGAPITO et al. 1998). Two types of calcium channels have been described in
the plasma membrane of chicken pinealocytes: voltage-dependent calcium
channels of L-type (HARRISON, ZATZ 1989) and long-open-time cationic chan-
nels ILOT (D’-SOUZA, DRYER 1996). Activator of the L-type channels (Bay K
8644) increases the nocturnal peak of melatonin secretion from chicken pin-
ealocytes, whereas antagonists (nitrendipine and nifedipine) decrease the noc-
turnal rise in the pineal hormone level (ZATZ 1989, HARRISON, ZATZ 1989).
None of these drugs influences the synchronization of the circadian rhythm
of the pineal secretory activity with the light-dark cycle (ZATZ, MULLEN 1988b).
Bay K 8644 and nitrendipine alter the cAMP level in avian pinealocytes
(ZATZ 1992a). D’-SOUZA and DRYER (1996) investigating chick pinealocytes with
the patch-clump technique demonstrated the presence of cationic channels
with an unusually long open time and for that reason they were termed as
ILOT. These channels are not gated by voltage or soluble second messen-
gers. They are cyclically synthesized and open for calcium ions at night and
degraded during the day (D’-SOUZA, DRYER 1996). The rhythm of ILOT chan-
nels activity persists in chicken pinealocytes kept in continuous darkness,
therefore these channels are considered as being dependent on the endog-
enous oscillator function. Inhibitors of protein synthesis abolish the circadi-
an rhythm in ILOT channels activity. Summing up, the onset of nocturnal
darkness in chick pinealocytes is associated with two phenomena: 1) depo-
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Fig. 7. Localization of calcium pyroantimone precipitates in rudimentary-receptor
pinealocytes (a) and secretory pinealocytes (b) in the pineal organ taken ex vivo during

night-time. Note the presence of numerous precipitates in cytosol of both types
of pinealocytes. Only single precipitates are present in the cytoplasm

of the ependymal-like supporting cell (E)
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larization of plasma membrane and opening of voltage-dependent calcium
channels, and 2) a dramatic increase in the number of ILOT channels. These
events are probably responsible for a large rise in intracellular free calcium
in chicken pinealocytes at night. Elevation of Ca2+ influences the activity of
calcium/calmodulin-stimulated adenylate cyclase and results in an increase
(additional to the one caused by the biosynthesis of adenylate cyclase con-
trolled by clock genes) in cAMP production in pinealocytes. Cyclic-AMP is
the main factor controlling the level and activity of serotonin N-acetyltransferase
(an enzyme limiting the melatonin secretion) in pinealocytes (NATESAN et al.
2002).

Substances affecting the calcium output from the intracellular stores, in
contrast to membrane calcium-channels activators and antagonists, influ-
enced the activity of the endogenous oscillator controlling the melatonin
secretion in chick pinealocytes. Caffeine at high concentrations, increasing
the calcium output from intracellular reserves, induced the phase shift in
the rhythm of melatonin secretion similar to the effects evoked by light
impulses (ZATZ, HEATH 1995). Cyclopiazonic acid, an inhibitor of calcium re-
lease from intracellular stores, synchronized the melatonin rhythm in the
way resembling the effect of darkness (NATESAN et al. 2002). The cited data
suggest that calcium ions released from the intracellular reserves partici-
pate in regulation of the chick pineal clock. It is worth noticing that sponta-
neous fluctuations of free calcium ions concentration were observed in about
10% of a population of chicken pinealocytes kept in monolayer culture
(D’-SOUZA, DRYER 1994).

Until now, ultracytochemical localization of calcium ions has been inves-
tigated in the pineals of poikilothermic vertebrates (VIGH, VIGH-TEICHMANN

1989, VÍGH et al. 1998) and mammals (KRSTIÈ 1985, THERON et al. 1989, PIZ-
ARRO et al. 1989a,b, TUTTER et al. 1991, LEWCZUK et al. 1994, 2007). As con-
cerning the pineal organ in birds, the distribution of Ca2+ at the level of
electron microscopy was described only in the areas of the formation of
calcified concrements (VÍGH et al. 1998, PRZYBYLSKA-GORNOWICZ et al. 2009).
Localization of calcium ions in pinealocytes and supporting cells of the avian
pineal is reported for the first time in the present study.

Electron dense precipitates of calcium pyroantimonate were found in
two components of the turkey pineal organ, separated from each other by
the continuous basal membranes: the connective tissue stroma and the pa-
renchyma formed by the pineal follicles. The amount of calcium ions dif-
fered markedly between these compartments. The connective tissue con-
tained very numerous, frequently large calcium pyroantimonate precipitates
and this observation well agrees with our previous studies concerning the
formation of calcified concretions in the turkey pineal (PRZYBYLSKA-GORNOWICZ

et al. 2009). In the follicles, precipitates were much less abundant compar-
ing to the stroma. They were relatively numerous in the intercellular spac-
es separating the lateral domains of the adjoining cells, moderate in number
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in pinealocytes and supporting cells, and sparse inside the follicular lumen.
These observations implicate that diffusion of calcium ions from the stroma
to the extracellular spaces of the follicular wall and later to the follicular
lumen is partially limited or undergoes some control mechanisms. This sug-
gestion seems to be very interesting, although it could not be excluded that
the low number of precipitates inside the follicular lumen may have its
source in restricted penetration of pyroantimonate ions through the follicu-
lar wall. Explanation of this problem requires subsequent studies.

Both rudimentary-receptor and secretory pinealocytes contained much
more precipitates than supporting cells. According to the results, the high-
est concentrations of calcium ions in pinealocytes occur in the nucleus, mi-
tochondria and some cisterns of the smooth endoplasmic reticulum. High
levels of Ca2+ in nuclei and mitochondria were reported in numerous cell
types including pinealocytes (KRSTIÈ 1985, PIZARRO et al. 1989a,b, WELSH 1984,
LEWCZUK et al. 1994, 2007). It is reasonable to suspect that short cisterns of
endoplasmic reticulum, present in both types of pinealocytes and distin-
guished in our study by the occurrence of numerous precipitates, are the
main intracellular calcium storage sites related to the regulatory functions
of this second messenger. Generally, distribution of calcium ions in turkey
pinealocytes is similar to the one described in mammalian pinealocytes,
where calcium pyroantimonate precipitates were found in nuclei, mitochon-
dria, vesicles and cisterns of the smooth endoplasmic reticulum (including
subsurface cisterns), the Golgi apparatus and cytosol (KRSTIÈ 1985, PIZARRO et
al. 1989a,b, WELSH 1984,  LEWCZUK et al. 1994, 2007).

The results show that both rudimentary-receptor and secretory pinealo-
cytes form homogenous subpopulations concerning the amount and distribu-
tion of calcium ions. Prominent differences in the presence and localization
of Ca2+ between pinealocytes were reported in mammals, based on the in-
vestigations performed with the use of potassium pyroantimonate method,
e.g. PIZARRO et al. (1989a,b) distinguished two kinds of rat pinealocytes: type
I corresponding to the classic light pinealocytes with almost complete ab-
sence of calcium pyroantimonate precipitates and type II with the dense
cyplasmic matrix and very abundant coarse precipitates inside the cytoplasm
and the nucleus. Two types of pinealocytes, differing by the amount of calci-
um ions, were distinguished also in the domestic pig (LEWCZUK et al. 2007).
The first type included cells containing a small or moderate amount of pre-
cipitates. These cells were usually characterized by low electron density
of their cytoplasm. Pinealocytes classified as the second type were charac-
terized by a large or very large content of precipitates both in the cell nu-
cleus and the cytoplasm. They were characterized by the electron dense
cytoplasm and the presence of numerous dense bodies – the structures spe-
cific for swine pinealocytes. Differences in the amount of precipitates were
also observed between distinct forms of gerbil pinealocytes (KRSTIÈ 1985,
WELSH 1984).
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Our study demonstrated a low concentration of calcium ions inside and
around the apical prolongations of rudimentary-receptor pinealocytes. These
structures contain a photopigment,  pinopsin, thus they are considered as
being involved in the light reception and analogous to the outer segments
of classical photoreceptor cells (PRUSIK, LEWCZUK 2008a). It should be noted
that numerous precipitates of calcium pyroantimonate were found in the
outer segments of photoreceptor cells in the frog pineal gland (VIGH, VIGH-
-TEICHMANN 1989). Similarly to the pineal, precipitates of calcium pyroanti-
monate were numerous in the rod outer segments in the frog retina. In the
cone outer segments, they were much less abundant (VIGH, VIGH-TEICHMANN

1989). Calcium pyroantimonate precipitates in frogs adopted to darkness were
present on both cytoplasmic and intradiscal sides of the rod photoreceptor
membranes, whereas in light adopted animals precipitates were concentrat-
ed inside the discs (VIGH et al. 1998). Numerous precipitates of calcium py-
roantimonate were also reported in the outer segments of retinal rod pho-
toreceptor cells in the rat (VAN REEMPTS et al. 1984) and the rabbit (VIGH et
al. 1998). The above data show that there are important differences in
amounts of calcium ions between the apical prolongations of avian pinealo-
cytes and the outer segments of photoreceptor cells occurring in the pineals
of poikilothermic vertebrates and in the retinas. Our results suggest that
despite many similarities in the photoreception mechanisms between avian
pinealocytes and classical photoreceptor cells, these are also important dis-
tinctions. It is worth remembering that the apical prolongations of rudimen-
tary-receptor pinealocytes and the outer segments of photoreceptor cells show
completely different structural organization. In secretory pinealocytes, which
are also photosensitive, pinopsin is present in the processes penetrating be-
tween neighbouring cells (PRUSIK, LEWCZUK 2008a). In the present study, we
did not find any calcium-rich processes outgrowing from or located in the
vicinity of secretory pinealocytes. Summing up, the light-sensitive structures
of turkey pinealocytes are characterized by a low content of calcium ions.

The study on day-night differences in the distribution of Ca2+ in the
turkey pineal demonstrated that precipitates of calcium pyroantimonate in
the cytosol of both rudimentary-receptor and secretory pinealocytes were
more numerous in the organs taken ex vivo at 2.00 than at 14.00. Although
in our opinion the potassium pyroantimonate fixation is not a valid method
for quantitative comparisons, the differences in the occurrence of precipi-
tates in the cytosol could be considered as reflecting the diurnal rhythm in
the level of free calcium ions in cytosol of pinealocytes.  The present data
are in agreement with the results of physiological studies on chicken pine-
alocytes suggesting that the influx of calcium ions via two types of calcium
channels occurs during scotophase (see the first part of discussion). We were
not able to observe any day-night variations in the amount of calcium pre-
cipitates in short, wide cisterns of smooth endoplasmic reticulum. Two ex-
planations of the lack of these differences should be taken into considera-
tion. One is that visualization of changes was impossible because the level
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of Ca2+ in cisterns of the smooth endoplasmic reticulum was too high to
notice the changes in the amount of precipitates related to the release of
ions into the cytosol and their re-uptake. The second explanation is related
to the discrepancy between the time when animals were sacrificed and oc-
currence of the nadir and peak in a putative diurnal rhythm of Ca2+ release
from these stores. It should be underlined that in contrast to pinealocytes,
no variations in the amount and distribution of precipitates were observed
in ependymal-like and astrocyte-like supporting cells.

Until now, day-night differences in the localization of calcium ions have
been reported in the pineal glands of mammals. Using the potassium py-
roantimonate technique, THERON et al. (1989) described a prominent shift in
Ca2+ distribution in baboon pinealocytes. During the dark phase, the loca-
tion of calcium ions was predominantly intravesicular and intravacuolar,
whereas during the photophase calcium ions were present mainly in cy-
tosol. Contrary data were obtained in the gerbil pineal gland (TUTTER et al.
1991). The accumulation of precipitates occurred in all compartments of the
endoplasmic reticulum including subsurface cisterns in pinealocytes of ger-
bils sacrificed during daytime but they were not present anywhere in the
endoplasmic reticulum when the animals were euthanized at night. Analyz-
ing the data obtained in mammals and birds, it is necessary to remember
that the mechanisms regulating the level of calcium ions in pinealocytes
of both groups of vertebrates are completely different.

CONCLUSIONS

1. The potassium pyroantimonate method enables visualization of the
Ca2+ distribution at the level of electron microscopy in two compartments
of the turkey pineal organ: the parenchyma formed by the follicles and the
connective tissue stroma.

2. Concentration of calcium ions in the pineal follicles is markedly lower
than in the surrounding extracellular matrix of the connective tissue. The
follicular lumen is characterized by a low level of Ca2+.

3. Rudimentary-receptor and secretory pinealocytes contain more calci-
um ions than the ependymal-like and astrocyte-like supporting cells.

4. The highest concentrations of free Ca2+ in  both rudimentary-recep-
tor and secretory pinealocytes are present in the nuclei, mitochondria and
some cisterns of the smooth endoplasmic reticulum. Calcium ions are not
accumulated in the apical prolongations of rudimentary-like pinealocytes and
in the processes of secretory pinealocytes.
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5. There are no differences in the amounts and distribution of Ca2+ be-
tween individual cells belonging to subpopulations of rudimentary-like pine-
alocytes and secretory pinealocytes.

6. Concentration of calcium ions in the cytosol of rudimentary-like pine-
alocytes and secretory pinealocytes is higher during the scotophase than
during the photophase.

7. No day-night differences in the concentration of calcium ions in the
cytosol occur in astrocyte-like and ependymal-like supporting cells.
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Abstract

Multi-component fertilizers should be selected based on a thorough analysis of a va-
riety of factors such as plant species, expected yield, nutrient availability, time and mode
of application. Mixed fertilizers have to be applied in a rational manner, and their rates
should be determined in view of crop yield, crop quality and fertilizer efficiency, so as to
maximize the benefits of fertilizer use. The objective of this study was to determine the
effect of multi-component fertilizers, Amofosmag 4 and Amofosmag 3, on winter wheat
yield, and the content and uptake of macronutrients. A three-year field experiment (2008-
2010) was carried out in a randomized block design at the Research and Experimental
Station in Tomaszkowo, at the University of Warmia and Mazury in Olsztyn (NE Poland).
The experiment comprised three fertilization treatments in four replications: control treat-
ment (simple fertilizers) and two treatments with mixed multi-component fertilizers, Amo-
fosmag 4 and Amofosmag 3. The tested crop was winter wheat cv. Bogatka.

Winter wheat grain yield was modified by fertilizers and weather conditions. The most
beneficial effect was reported for Amofosmag 4, which increased the yield of wheat grain
by 7% on average, compared with the remaining treatments. A significantly lower grain
yield was noted in the second year of the study characterized by adverse weather condi-
tions. The concentrations of the analyzed macronutrients in winter wheat grain and straw
varied insignificantly between fertilization treatments. Simple and multi-component fertili-
zers exerted a comparable effect on the mineral composition of the test crop. The only
exception was the potassium content of wheat straw, which was significantly higher after
the application of multi-component fertilizers. Significant differences were observed in this
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respect between successive years of the study. The highest total uptake of nitrogen, pho-
sphorus and magnesium by winter wheat plants was noted in the Amofosmag 4 treat-
ment, and the highest total uptake of potassium and calcium was observed in the Amofo-
smag 3 treatment. Amofosmag 4 was found to be the most efficient fertilizer, which
suggests that the nutrients contained in multi-component fertilizers are more readily ava-
ilable to plants.

Key words: winter wheat, yield, macronutrients, multi-component fertilizers, uptake.

WP£YW NAWOZÓW WIELOSK£ADNIKOWYCH NA PLON, ZAWARTOŒÆ
I POBRANIE MAKROELEMENTÓW PRZEZ PSZENICE OZIM¥

Abstrakt

Wybór nawozu wielosk³adnikowego musi byæ poprzedzony wieloetapow¹ analiz¹ czyn-
ników, takich jak: gatunek roœliny, oczekiwany plon, zasobnoœæ gleby w sk³adniki pokar-
mowe oraz termin i technika stosowania nawozów. Stosowanie nawozów wielosk³adniko-
wych powinno odbywaæ siê w sposób racjonalny, z uwzglêdnieniem wysokich i dobrych
jakoœciowo plonów oraz efektywnoœci nawo¿enia z jednoczesnym wykorzystaniem zalet
agrochemicznych nawozów. Celem pracy by³a ocena skutecznoœci nawozowej Amofosma-
gu 4 i Amofosmagu 3 na plon, zawartoœæ i pobranie makroelementów przez pszenicê ozim¹
oraz efektywnoœæ rolnicz¹. Trzyletnie doœwiadczenie polowe (2008-2010) przeprowadzono
w Oœrodku Dydaktyczno-Doœwiadczalnym w Tomaszkowie nale¿¹cym do Uniwersytetu War-
miñsko-Mazurskiego w Olsztynie. Doœwiadczenie, za³o¿one metod¹ losowanych bloków,
obejmowa³o trzy obiekty nawozowe w czterech powtórzeniach: obiekt kontrolny (nawozy
jednosk³adnikowe) oraz dwa obiekty nawo¿one nawozami wielosk³adnikowymi (Amofo-
smag 4 i Amofosmag 3). Roœlin¹ testowan¹ by³a pszenica ozima odmiany Bogatka. Z badañ
wynika, ¿e nawo¿enie Amofosmagiem 4 mia³o istotny wp³yw na zwiêkszenie plonu ziarna
pszenicy ozimej. Zawartoœæ badanych makroelementów w pszenicy w poszczególnych obiek-
tach nawozowych by³a zbli¿ona, zastosowane nawozy dzia³a³y równorzêdnie. Wyj¹tek sta-
nowi³a zawartoœæ potasu w s³omie, w której istotnie wiêksz¹ koncentracjê tego sk³adnika
uzyskano pod wp³ywem nawozów wielosk³adnikowych. Zró¿nicowanie w sk³adzie mineral-
nym badanej roœliny wyst¹pi³o miêdzy poszczególnymi latami badañ. Najwiêksze ³¹czne po-
branie azotu, fosforu i magnezu przez pszenicê ozim¹ stwierdzono po zastosowaniu Amofo-
smagu 4, a potasu i wapnia w obiekcie z Amofosmagiem 3. Najwiêksz¹ efektywnoœæ rolnicz¹
uzyskano stosuj¹c Amofosmag 4. Œwiadczy to o lepszej przyswajalnoœci sk³adników pokar-
mowych z nawozów wielosk³adnikowych ni¿ jednosk³adnikowych.

S ³ o w a  k l u c z o w e : pszenica ozima, plon, makroelementy, pobranie, nawozy wielo-
sk³adnikowe.

INTRODUCTION

Fertilization is the main yield-forming factor, and one of the key indica-
tors of agricultural production intensity and efficiency. Due to the growing
demand for agricultural produce and commodities used to produce biofuels,
fertilizer use will increase in the coming years (ZALEWSKI 2009). The major
advantages of modern fertilizers include easy application and storage, solu-
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bility and complex composition. Since the 1990s, there has been a steady
increase in the share of multi-component fertilizers in total mineral fertiliz-
er consumption. Numerous fertilizer manufacturers offer a wide variety and
range of mixed fertilizers, blends and compound fertilizers so as to meet the
farmers’ specific needs. In Poland, the driving force behind fertilizer market
development is growing awareness among farmers of the importance and
profitability of new technological solutions (POTARZYCKI, LEWICKA 2002). A clear
advantage of multi-component fertilizers over simple fertilizers is that the
former supply a combination of nutrients at a time (GLABISZ et al. 1992). The
yield of cereals is determined by their nutritional status at the early stages
of growth. The optimum nutrient supply during the critical growth stages
enables crops to reach their full yield potential (GAJ 2010). According to CHWIL

(2000), rational fertilization of winter wheat is determined by the amounts
of primary nutrients supplied, and their relative proportions.

The objective of this study was to determine the effect of mixed multi-
component fertilizers, Amofosmag 4 and Amofosmag 3, on winter wheat yield,
and the content and uptake of macronutrients, and fertilization efficiency.

MATERIAL AND METHODS

A three-year field experiment (2008-2010) was carried out in a rand-
omized block design at the Research and Experimental Station in Tomasz-
kowo, at the University of Warmia and Mazury in Olsztyn. The experiment,
which comprised three fertilization treatments in four replications: control
treatment (simple fertilizers), Amofosmag 4 and Amofosmag 3, was estab-
lished on proper brown soil developed from sandy loam, of quality class III b
and very good rye complex. The physicochemical properties of soil in each
year of the study are presented in Table 1. The tested crop was winter
wheat (Triticum aestivum L. emend) cv. Bogatka. The preceding plant was
winter triticale. Plot surface area was 10 m2.

Based on the average levels of available phosphorus in the soil, 350 kg
ha–1 Amofosmag 3 (NPK Mg 3:14:20:2 + 22% CaO + 9% SO3: 10.5 kg N,
21.5 kg P, 58 kg K, 55 kg Ca, 4 kg Mg, 12.5 kg S on pure ingredient basis)
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and Amofosmag 4 (NPK Mg 4:15:15:2 + 24% CaO + 9% SO3 : 12 kg N, 23 P,
43.5 kg K, 60 kg Ca, 4 kg Mg, 12.5 kg S on pure ingredient basis) were
applied pre-sowing. The nitrogen rate of 80 kg per ha was supplemented with
two doses of ammonium nitrate applied by top-dressing in all treatments,
including control. In the control treatment, the following fertilizers were ap-
plied pre-sowing: 14 kg N in the form of urea, 23 kg P in the form of triple
superphosphate and 43.5 kg K kg ha–1 in the form of potash salt 60%.

Samples of winter wheat were collected at the stage of full maturity.
The grain and straw harvested in each plot was dried and weighed individu-
ally. Wet mineralized samples were assayed for the content of: total nitro-
gen – by the hypochlorite method, phosphorus – by the vanadium-molybde-
num method, calcium and potassium – by atomic emission spectrometry
(AES), and magnesium – by atomic absorption spectrometry (AAS). The re-
sults of chemical analyses were verified statistically by a two-factorial analy-
sis of variance for a randomized block design. The experimental factors were
as follows: a – fertilization, b – duration of the experiment. The least signif-
icant difference was assumed at p = 0.05.

RESULTS AND DISCUSSION

Air temperatures in 2007 and 2008 were generally higher that the long-
term average (Table 2). October and November were colder and drier than
the multiannual average. The winter dormancy period of wheat differed sig-
nificantly from that observed in previous years, and it was characterized by
considerably higher temperatures and precipitation levels. Precipitation to-
tal in May and June was substantially lower than the multiannual average,
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which could have adversely affected spike development. August was very
wet, which retarded the harvest. In the second year of the study (2008/
2009), the distribution of temperatures and rainfalls supported the growth
and development of winter wheat. Considerable water deficiency was noted
only in April, when rainfall accounted for only 13% of the long-term aver-
age, but high water supply in March (two-fold higher than the long period
average) as well as high precipitation levels in May and June were suffi-
cient to maintain adequate soil moisture content. July was warm and rela-
tively wet, while August was dry, which contributed to even ripening and
kernel plumpness. In 2009/2010, mean monthly temperatures and precipita-
tion totals differed from the long-term averages. A warm and sufficiently
wet fall was followed by a harsh and precipitation-deficient winter. Water
deficiency in April (rainfall levels two-fold lower than the long-term average)
was compensated for by rainfall surpluses in the subsequent months of the
growing season, especially May when precipitation total was over 2.5-fold
higher than the long period average. According to CHMIELEWSKI (1992), and
CHMIELEWSKI and KÖHN (2000), a constant supply of water and moderate tem-
peratures in winter and early spring support the growth and yield of winter
cereals (high coefficients of productive tillering). Weather conditions could
have affected the yield of winter wheat.

In the first year of the study (2008), the yield of winter wheat grain
ranged from 6.54 to 7.23 t ha–1, and it was significantly affected by the type
of fertilizer (Table 3). The highest average yield of winter wheat was noted
in the Amofosmag 4 treatment – it was by over 10% higher than in the
control and Amofosmag 3 treatment. Wheat straw yield corresponded to grain
yield, and it showed no significant changes. In an experiment with spring
wheat conducted by NOGALSKA et al. (2010), multi-component fertilizers had
a more desirable yield-forming effect than simple fertilizers. In the second
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year of the study (2009), the yield of winter wheat grain varied from 5.30 to
5.51 t ha–1, and it was significantly lower than in 2008 and 2010. Dry April,
followed by cold and wet May and June could have reduced the number and
size of wheat ears. According to ALARU et al. (2003), cereal grains are highly
sensitive to weather conditions. In a study by OLESEN et al. (2009), the aver-
age yield of winter cereals ranged from 3.2 to 5.1 t ha–1. In the third year
of the experiment (2010), similarly as in the first year, Amofosmag 4 had
the most beneficial influence on wheat grain yield, which was found to in-
crease significantly, by around 8% and 4.8%, compared with the control and
Amofosmag 3 treatment. The applied fertilizers had no significant effect on
wheat straw yield, whereas significant differences were observed in this re-
spect between successive years of the study. Straw yield was significantly
higher in 2010 than in 2008 and 2009, which resulted from the highest
grain yield in 2010 and favorable weather conditions.

The results of the present study show that Amofosmag 4 caused an
approximately 7% and 8% increase (on average) in the yield of wheat grain
and straw, respectively, compared with simple fertilizers. In an experiment
by CHWIL (2000), winter wheat yield ranged from 5.89 to 7.90 t ha–1. An
increase in the yield of different cereal species in response to the applica-
tion of mixed fertilizers was also reported by ZAWARTKA and SKWIERAWSKA

(2004 b), and NOGALSKA et al. (2010, 2011).
The results of chemical analyses of winter wheat grain and straw show

that the concentrations of the analyzed macronutrients varied insignificant-
ly between treatments (Table 4), while significant differences were found
between the years of the study. In the second year, the average nitrogen
content of winter wheat grain reached 10.63 g N kg–1 d.m., and it was two-
fold and 1.5-fold lower compared with the third and the first year, respec-
tively. In 2008, the concentrations of phosphorus, potassium and calcium in
wheat grain were significantly lower than in the next two years. The mag-
nesium content of wheat grain remained stable throughout the experiment,
reaching the highest level in 2010. Similar macronutrient concentrations in
wheat grain were reported by RACHOÑ and SZUMI£O (2009). The findings of
other authors (FILIPEK 2001, KRZYWY et al. 2001, NOGALSKA et al. 2010, 2011)
indicate that multi-component fertilizers have no significant effect on the
mineral composition of cereal grain.

Macronutrient uptake was estimated based on the yield and macronutri-
ent content of winter wheat grain and straw. Nitrogen uptake by wheat
plants was highest in the third year of the study (186.01 kg N ha–1), after
the application of Amofosmag 3. High nitrogen uptake resulted from a high
wheat yield and the highest nitrogen content of plants in 2010 (Table 5).
Similar results were reported by FOSSATI et al. (1993). Phosphorus uptake
levels were comparable in all treatments, and they tended to increase in
response to Amofosmag 4. Phosphorus uptake varied considerably between
years, reaching the highest level in 2010 (38.1 to 42.9 kg P ha–1) when the
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highest yield of wheat grain and straw was obtained, and the lowest in 2008
(approximately two-fold lower than in 2009 and 2010) when wheat kernels
were least abundant in phosphorus. The highest uptake of calcium (except
in 2010) and magnesium was noted in the Amofosmag 4 treatment. Potas-
sium uptake by winter wheat plants was highest in the third year of the
experiment, in particular after the application of Amofosmag 3, mostly due
to a high potassium content of wheat plants, especially straw. Such a trend
was also observed with regard to total potassium uptake over three years
(Figure 1). The highest total uptake of nitrogen, phosphorus and magnesi-
um was observed in treatments with Amofosmag 4, which may suggest that
the nutrients contained in multi-component fertilizers are more readily avail-
able to plants. Similar results were reported by NOGALSKA et al. (2010, 2011),
who applied mixed fertilizers to spring wheat and spring barley.

Fertilization efficiency, expressed as an increase in wheat grain yield
per kg NPK, ranged from 26.30 to 37.41 kg throughout the experiment
(Table 6). Amofosmag 4 was found to be most efficient (27.63-37.41 kg wheat
grain kg–1 NPK, depending on the year). Amofosmag 4 increased grain yield
per kg NPK by 3.27 kg (10.7%) and 3.62 kg (11.9%) on average, in compari-
son to simple fertilizers and Amofosmag 3, respectively. The lowest fertiliza-
tion efficiency was noted in the second year of the study – a drop by over
20% compared with the first and the third year. Considerable rainfall fluctu-
ations (deficiency in April and surplus from June to September 2009) con-
tributed to a decrease in winter wheat grain yield.
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CONCLUSIONS

1. Winter wheat grain yield was modified by fertilizers and weather con-
ditions. The most beneficial effect was reported for Amofosmag 4, which
increased the yield of wheat grain by 7% on average, compared with the
remaining treatments. A significantly lower grain yield was noted in the
second year of the study characterized by adverse weather conditions.

2. The concentrations of the analyzed macronutrients in winter wheat
grain and straw varied insignificantly between fertilization treatments. Sim-
ple and multi-component fertilizers exerted a comparable effect on the min-
eral composition of the test crop. The only exception was the potassium
content of wheat straw, which was significantly higher after the application
of multi-component fertilizers. Significant differences were observed in this
respect between successive years of the study.

Fig. 1. Total macronutrient uptake by winter wheat over the three-year experiment
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3. The highest total uptake of nitrogen, phosphorus and magnesium by
winter wheat plants was noted in the Amofosmag 4 treatment, and the high-
est total uptake of potassium and calcium was observed in the Amofosmag 3
treatment. Amofosmag 4 was found to be the most efficient fertilizer, which
suggests that the nutrients contained in multi-component fertilizers are more
readily available to plants.
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Abstract

The changes of chemical composition and sucrose content in sugar beet  beet after
seeds stimulation were investigated. The seeds came from the energ’hill technology (Eh)
and were subject to laser irradiation. The experiments were conducted in the laboratory
and in field conditions in 2008-2010. In the experiment the researchers used the seed ma-
terial of Tiziana variety (sugar type) in standard version (control) and stimulated: prepared
in the energ’hill technology and irradiated. Irradiation with laser light was applied in the
following doses: the 5-time multiplied (in the study marked as D5) and 7-time multiplied
(in the study D7) of the basic dose 2.5 10–1J cm–2. The content of nitrogen, phosphorus,
potassium, sodium, magnesium and calcium in leaves and roots samples collected in the
first weeks of July, August, September and October. Pre-sowing stimulation with use of
energ’hill technology and laser light irradiation resulted in an increase in leaf concentra-
tion of nitrogen, potassium, sodium and magnesium and the content of these elements
positively correlated with sucrose content of mature roots. Pre-preparation (sprouted) clu-
sters energ’hill technology and laser irradiation had a positive effect on sucrose content
and its performance.

Key words: sugar beet, seeds stimulation, mineral macronutrients, sucrose.
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WP£YW  PRZEDSIEWNEJ STYMULACJI NASION NA  ZMIANY SK£ADU
CHEMICZNEGO I ZAWARTOŒÆ CUKRU W  BURAKU CUKROWYM

Abstrakt

Zmiany sk³adu chemicznego i zawartoœci sacharozy w buraku cukrowym analizowano
pod wp³ywem przedsiewnej stymulacji nasion przygotowanych w technologii energ’hill i na-
œwietlanych œwiat³em lasera pó³przewodnikowego. W badaniach polowych i laboratoryjnych
przeprowadzonych w latach 2008 – 2010, z odmian¹  Tiziana, wysiewano k³êbki standardo-
we (niestymulowane) i kondycjonowane w technologii energ’hill oraz naœwietlane œwiat³em
lasera pó³przewodnikowego w dawkach piêciokrotnej (D5) i siedmiokrotnej (D7) w stosun-
ku do dawki podstawowej (2,5 10–1J cm–2 ). Zawartoœæ azotu, fosforu, potasu, magnezu,
sodu i wapnia w korzeniach i liœciach analizowano w pierwszych tygodniach lipca, sierpnia,
wrzeœnia i paŸdziernika.  Przedsiewna stymulacja nasion w technologii energ’hill i naœwie-
tlanie œwiat³em lasera powodowa³y w liœciach wzrost koncentracji azotu, potasu, sodu oraz
magnezu, a zawartoœæ tych pierwiastków dodatnio korelowa³a z zawartoœci¹ sacharozy
w korzeniach dojrza³ych. Przedsiewne przygotowanie (kondycjonowanie) k³êbków w tech-
nologii energ’hill i naœwietlanie œwiat³em lasera wp³ynê³y pozytywnie na zawartoœæ sacha-
rozy i jej wydajnoœæ.

S³owa kluczowe: burak cukrowy, stymulacja przedsiewna, makrosk³adniki mineralne, sa-
charoza.

INTRODUCTION

In the process of sugar beet seeds improvement mechanical and chemi-
cal methods are commonly used. The former specify the calibration and
shape of beet seed balls and the latter protect seedlings against pathogens
in the early stages of their development. Researchers also analyze the pos-
sibility of pre-sowing stimulation of sugar beet by other methods, such as
the influence of the electric field, magnetic field, microwave radiation, ioniz-
ing radiation, visible light, millimeter radiation and laser radiation (HERNAN-
DEZ et al. 2010, KACHARAVA et al. 2009, KOPER et al. 1996, MARINKOVIÆ 2008,
PIETRUSZEWSKI, WÓJCIK 2000a,b, PROŒBA et al. 2011, ROCHALSKA 2005, ROCHALSKA,
ORZESZKO-RYWKA 2008, VASILEVSKI 2003, WÓJCIK 2006, WÓJCIK et al. 2004). The
results of the experiments show the beneficial effects of these methods on
yield and some features of the technological quality of roots. The study also
highlights the beneficial effects of pre-sowing stimulation especially in stress-
ful conditions or in conditions that are unfavorable for the emergence and
the early development. The impact of pre-sowing stimulation of seeds accord-
ing to researchers depends on the weather during the emergence, the vegeta-
tion conditions as well as on the genotype of the variety and fertilization.

In the studies on the effects of pre-sowing beet seeds stimulation on the
content and efficiency of sugar the following features were analyzed: the
changes in macro-mineral elements in roots and leaves during active accu-
mulation of mass yield and in mature roots as well as the relationship be-
tween the content of these elements in roots and leaves and the sucrose
concentration.
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MATERIALS AND METHODS

In the field experiment, established by split–plot method in three repli-
cations and in the laboratory studies conducted in 2008–2010, the changes
in concentration of mineral macronutrients and the sucrose content and
yield under the influence of seeds laser stimulation and seeds improvement
in the energ’hill technology (at work Eh) were analyzed. In the experiment
the researchers used the seed material of the variety Tiziana (sugar type)
in standard – unstimulated version and stimulated – prepared in Eh tech-
nology and irradiated. The energ’hill technology is based on priming that
triggers a seed to initial phases of germination. As a result the enzymes
synthesizing proteins are activated and the metabolism of spare materials
begins. Irradiation with laser light was applied in the following doses: the
5-time multiplied (in the study marked as D5) and 7-time multiplied (in the
study D7) of the basic dose 2.5 10–1 J cm–2. Beet seeds balls irradiation with
the use of semiconductor laser light (model CTL – 1106 MX) was carried out
on the very day when the field experiment was being established and the
irradiated surface was determined by the use of the scanner (model CTL
1202 S) co–operating with the laser.

The field experiment was carried on the soils classified as Haplic Luvi-
sols (FAO WRB 2007) developed from sandy loam underlain by a sandy clay
loam (soil texture – according to Polish classification of soil grain size distri-
bution, PTG, 2008, based on USDA). Soils were slightly acidic in reaction
(pH 5.9-6.4). The soil was characterized by a good abundance of assimilable
phosphorus (77-99 mg P kg–1), potassium (158-240 mg K kg–1) and magnesi-
um (57-67 mg Mg kg–1).

Thermal conditions during the study did not impede the sugar beet veg-
etation and temperatures were close to average temperatures of the last 30
years (Figure 1). Precipitation distribution, however, was characterized by
large fluctuations, especially in the years 2009 and 2010 during the rapid
growth of the root mass and accumulation of sucrose. Rainfall exceeding
twice the average monthly amount for the last 30 years occurred in July
and August in 2009 and in August and September in 2010.

The content of nitrogen, phosphorus, potassium, sodium, magnesium and
calcium in the dry-mineralized leaves and roots samples collected in the
first weeks of July, August, September and October in all field reps was
marked on the 210VGP Atomic Absorption Spectrophotometer. The sucrose
content and other characteristics of the technological quality of mature roots
were determined on the automatic line Venema.

The content of the analyzed elements (separately for each consecutive
month) as well as the sucrose content and yield were analyzed statistically
by the means of the analysis of variance. To compare the mean values Dun-
can’s test was used and the correlation at the level of confidence α = 0.05,
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α = 0.01 and α = 0.001 was calculated. The paper presents the content
of macronutrients in the elemental form as average results for the years
of research and for the objects of the experiment.

RESULTS AND DISCUSSION

The content of nitrogen and minerals in sugar beet has been the sub-
ject of numerous experiments in which their variability due to fertilizing,
tillage, varieties and weather conditions was observed. The authors have
demonstrated proven relationship between the level of concentration of min-
eral nitrogen and macronutrients and certain features of technological value
of roots, especially sugar and molasses forming substances – α-amino nitro-
gen and sodium and potassium cations (ALLISON et al. 1997, S£OWIÑSKI et al.
1997, BAR£ÓG et al. 2002, BAR£ÓG, GRZEBISZ 2004, DIATTA 2004, PROŒBA-
-BIA£CZYK 2003, 2005a,b, PROŒBA-BIA£CZYK, MYDLARSKI 2001).

In the study the content of nitrogen and mineral macroelements in
plants – the roots and leaves – depending on the pre-sowing stimulation of
seeds was analyzed (Table 1–6). The plants developed from Eh stimulated
seeds and those developed from irradiated beet seed balls were character-
ized (in the leaves and roots) by higher concentrations of nitrogen than the
plants emerged from standard seeds. The nitrogen content in leaves in the
consecutive months – July, August, September and October – positively cor-
related with the sucrose content. Nitrogen in roots – from July to Septem-

Fig. 1. Average monthly temperature and precipitation on the background
of the multi-year average

(toC)
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ber – also positively affected the accumulation of sucrose, whereas in ma-
ture roots negative correlation between the content of nitrogen and sucrose
was observed (Table 7).
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The phosphorus content in leaves showed no differences under the in-
fluence of seeds preparation in Eh technology and laser irradiation in com-
parison with unstimulated seeds. In roots, however, the influence of stimu-
lation was observed. From August until the end of the growing season, the
roots developed from the irradiated seeds were characterized by the higher
amount of phosphorus (Table 2). Phosphorus accumulated in the leaves in
July and August did not correlate with the content of sucrose. Yet, in Sep-
tember and October in leaves, and in all months in roots, a positive influ-
ence of phosphorus on sucrose content was noted (Table 7). Significant posi-
tive correlation between the content of phosphorus in the roots and the
concentration of sucrose was also found in other studies  (PROŒBA-BIA£CZYK

2005b).
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Pre-sowing stimulation of seeds had impact on (from July to harvest)
the concentration of potassium in leaves and roots (Table 3). The leaves of
plants developed from Eh seeds and laser irradiated seeds contained more
potassium than the leaves developed from unstimulated seeds. The content
of this element in leaves significantly and positively correlated with sugar
content in mature roots. In the roots from the irradiated seeds the concen-
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tration of potassium (in July, August and September) was higher than in
the roots developed from unstimulated seeds. In mature roots, however,
the lowest potassium level was observed when they developed from Eh seeds
and laser irradiated at D5 dose. Potassium in roots significantly and nega-
tively affected the sucrose content (Table 7).

Preparation of seeds in Eh technology and laser stimulation of seeds
modified the sodium content in plants. The leaves of plants from stimulated
seeds were characterized by (from July to the end of vegetation) higher
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sodium content than the leaves of plants developed from standard seeds. In
roots significant differences in sodium content under the influence of stimu-
lation were noted in July and August during the period of intensive growth
of root mass. In these months the roots of plants from stimulated seeds
contained more sodium cations than the roots of plants developed from un-
stimulated seeds.The sodium content in leaves in the consecutive months –
July, August, September and October – had positive influence on sucrose
content. However, in roots a significant correlation between sodium and su-
crose was observed in August and September. In mature roots, on the other
hand, sodium negatively correlated with sucrose content. Therefore the study
confirmed the significant effect of sodium concentration on the sucrose con-
tent (PROŒBA-BIA£CZYK, MYDLARSKI 2001).

Pre-sowing seeds stimulation significantly modified the magnesium con-
tent (Table 5). The leaves and roots of plants developed from Eh seeds and
from irradiated seeds from July to the end of the growing season were
characterized by a higher concentration of magnesium than the leaves and
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roots developed from the standard seeds. Magnesium accumulated in leaves
during the whole vegetation period significantly and positively affected the
sucrose content while magnesium in roots did not correlate with the con-
tent of sucrose (Table 7). The increased amount of magnesium in the leaves
of plants from stimulated seeds can be connected with the bigger amount of
carotenoids and chlorophyll in the plants developed from stimulated seeds
(PROŒBA-BIA£CZYK et al. 201).

The calcium content under the influence of pre–sowing seeds stimula-
tion varied the leaves – in August, September and October. The leaves of
plants developed from irradiated seeds were characterized by a lower level
of calcium than the leaves of plants developed from Eh seeds and standard
seeds (Table 6). Calcium accumulated in leaves had a positive impact on the
sucrose content (Table 7).
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Pre-sowing seed stimulation resulted in significant changes in the su-
crose content and yield (Table 8). The plants developed from seeds prepared
in Eh technology and laser-irradiated were characterized by higher content
and higher yield of sucrose than the plants developed from un-stimulated
seeds. The results confirm the positive impact of laser irradiation on the
yield and sugar content as also shown in earlier studies of beet seed stimu-
lation (KOPER et al. 1996, SIDDIQUI et al. 2006, HERNANDEZ et al. 2010, PROŒBA-
-BIA£CZYK et al. 2011). Moreover, in our research the positive influence of Eh
technology was observed. The leaves of plants emerged from the Eh beet
seed balls were characterized by (in the period of root growth and the accu-
mulation of sucrose) higher nitrogen, potassium, sodium and magnesium
content which in turn had a positive impact on sacharose content.
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CONCLUSIONS

1. Pre-sowing stimulation in the energ’hill technology and semiconduc-
tor laser irradiation in the period of intensive growth of plants modified
their chemical composition and sucrose content.

2. Stimulating seeds in the energ’hill technology and laser irradiation
resulted in an increased concentration of nitrogen, potassium, sodium and
magnesium in leaves and the content of these elements positively correlat-
ed with the sucrose content of mature roots.

3. Pre-preparation (priming) of beet seed balls with the use of the
energ’hill technology and laser irradiation had a positive effect on sucrose
content and its yield.
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Abstract

Municipal sewage sludge is an unavoidable byproduct of the contemporary live and
business activities of people. Proper handling and utilization of sewage sludge continue to
create serious problems in Poland although this waste product is a source  of both organic
carbon and macronutrients. The present study has been carried out in order to assess the
influence of municipal sewage sludge on the content of available forms of Cu, Zn and Mn
in soil. A microplot experiment set up according to the random sub-block method was con-
ducted in 2005-2008. The experiment was established on anthropogenic, humic urban soil
developed from loamy sand rich in phosphorus and magnesium, but poor in potassium,
and alkaline in reaction. The design of the trials comprised 5 doses of municipal sewage
sludge from the £yna Municipal Wastewater Treatment Plant in Olsztyn: 0, 70, 140, 210
and 280 Mg ha–1 of fresh matter. The tests have demonstrated that a dose of sewage
sludge had a significant effect on the content of available forms of Cu, Zn and Mn in soil.
In alkaline soil, however, the observed increase in the content of available forms of Cu,
Zn and Mn was not hazardous to the environment, but could improve the plant nutrition
with these elements. It is highly probable that the availability of Cu may increase in the
second and third year after the application of sewage sludge. The accumulation of soluble
Zn in soil started to decrease in the second year, but did not become significantly limited
until four years after sewage sludge application. Sewage sludge raised the amount of solu-
ble manganese in soil during the first three years, but in the final year of the experiment
the quantity of soluble Mn in soil did not undergo any significant fluctuations.

Key words: sewage sludge, available forms of Cu, Zn and Mn.
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ZAWARTOŒÆ PRZYSWAJALNYCH FORM Cu, Zn I Mn
W GLEBIE U¯YZNIONEJ KOMUNALNYM OSADEM ŒCIEKOWYM

Komunalne osady œciekowe s¹ nieodzownym produktem dzia³alnoœci bytowo-gospodar-
czej wspó³czesnego cz³owieka, a ich zagospodarowanie to wci¹¿ powa¿ny problem w Polsce.
Odpad ten jest nie tylko Ÿród³em wêgla organicznego i makroelementów, ale tak¿e mikro-
elementów. Celem badañ by³a ocena wp³ywu komunalnego osadu œciekowego na zawar-
toœæ przyswajalnych form Cu, Zn i Mn w glebie. Mikropoletkowe doœwiadczenie prowadzo-
no w latach 2005-2008 metod¹ losowanych podbloków na glebie antropogenicznej
urbanoziemnej próchnicznej wytworzonej z piasku gliniastego o wysokiej zawartoœci fosfo-
ru i magnezu oraz niskiej potasu i o odczynie zasadowym. Schemat doœwiadczenia obejmo-
wa³ 5 dawek komunalnego osadu œciekowego z Miejskiej Oczyszczalni Œcieków „£yna”
w Olsztynie: 0, 70, 140, 210 i 280 Mg ha–1 œwie¿ej masy. W badaniach udowodniono istotny
wp³yw dawki osadu œciekowego na zawartoœæ przyswajalnych form miedzi, cynku i manga-
nu w glebie. W warunkach gleby zasadowej wzrost zawartoœci przyswajalnych form Cu, Zn
i Mn w glebie nie stwarza³ zagro¿enia dla œrodowiska, a jedynie móg³ poprawiæ od¿ywienie
roœlin tymi mikroelementami. Z du¿ym prawdopodobieñstwem mo¿na oczekiwaæ wzrostu
dostêpnoœci Cu przyswajalnej w glebie w 2. i 3. roku po zastosowaniu osadu œciekowego.
Nagromadzenie rozpuszczalnego Zn w glebie zmniejsza³o siê od 2. roku, ale istotne ograni-
czenie wyst¹pi³o dopiero w 4. roku po zastosowaniu osadu œciekowego. Osad œciekowy mia³
wp³yw na zwiêkszenie iloœci rozpuszczalnego manganu w glebie w pierwszych trzech la-
tach, a w ostatnim roku iloœæ rozpuszczalnego manganu w glebie nie uleg³a ju¿ znacz¹cym
zmianom.

S³owa kluczowe: osad œciekowy, przyswajalne formy Cu, Zn i Mn.

INTRODUCTION

Waste containing organic matter and biogenic elements should be man-
aged – as long as possible – so as to return it to the environment (SØREN et
al. 2003, SPEIR et al. 2003, CASADO-VELA et al. 2006, SPYCHAJ-FABISIAK et al.
2007, CZEKA£A 2009, MAZUR, SIENKIEWICZ 2009). In the contemporary world,
municipal sewage sludge is an unavoidable byproduct of our live and busi-
ness activities, but its proper handling and utilization continue to create
problems in Poland. It is the organic carbon contained in sewage sludge
that draws most attention as an element which should be reintroduced into
the soil-plant cycle. The positive effect of sewage sludge on soil properties
has been evidenced in numerous papers by Polish and foreign researchers
(STÊPIEÑ et al. 2000, JAKUBUS 2006, S¥DEJ et al. 2007, DELIBACAK ET AL. 2009,
SINGH and AGRAWAL 2008, KLASA et al. 2007). Municipal sewage sludge is also
a source of micronutrients (KALEMBASA et al. 1999, SPIAK, KULCZYCKI 2004,
I¯EWSKA et al. 2006). However, special care should be taken with respect to
micronutrients so as not to introduce excessive amounts of these elements,
which could have an adverse effect on the environment, especially when
soil is acidic (MERCIK et al. 2003, PASCUAL et al. 2004, DELIBACAK et al. 2009).
The purpose of this work has been to evaluate the effect of municipal sew-
age sludge on the content of available forms of Cu, Zn and Mn in soil.

´



651

METHODS

A microplot experiment (1m x 1m) was carried out in 2005-2008. The
experiment was set up on anthropogenic, humic urban soil developed from
loamy sand in a random sub-block design. Prior to the experiment, the soil
had a high content of phosphorus and magnesium, a low level of potassium
and alkaline reaction. The design of the experiment comprised 5 doses
of municipal sewage sludge from the £yna Municipal Wastewater Treatment
Plant in Olsztyn: 0, 70, 140, 210 and 280 Mg ha–1 of fresh matter. Municipal
sewage sludge was applied once. The chemical properties of the sludge are
presented in Table 1.

Sewage sludge was mixed with soil to the depth of about 10 cm. Once
fertilized with municipal sewage sludge, the soil was sown with mixes of
lawn grasses. The available forms of Cu, Zn and Mn after extraction with 1
mol HCl dm–3 were determined with the atomic absorption spectrophoto-
metric method. The results were submitted to statistical analysis using the
software programme Statistica (version 9.0) by SatSoft, Inc. 2009.
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RESULTS

The content of available copper in soil ranged from 4.65 to 5.89 mg kg–1,
which should be regarded as rather small variation. The tested doses of
sewage sludge were evidenced to have had a significant effect on the con-
tent of copper in soil (Table 2). This effect was also demonstrated by the
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analysis of correlation and regression (Figure 1). It is worth noticing that
the soil pH in 1 mol HCl dm–3 varied within a narrow range (6.50-7.14).
Under such condition (no acidification), the solubility of Cu was low. Analo-
gously to our study, DELIBACAK et al. (2009) found out an increase in the
content of soluble copper in soil caused by increasing doses of sewage sludge
introduced to soil. In contrast, PASCUAL et al. (2004) showed depressed con-
centrations of available forms of Cu in soil under the influence of a higher
dose of sewage sludge (140 Mg ha–1). Such discrepancies, reported by differ-
ent authors, in the effect of sewage sludge on the content of Cu in soil may
be substantiated, for example, by different concentrations of this metal in
sewage sludge. On the other hand, sorptive properties of soil, and especially
the content of organic matter, can affect the availability of copper in soil.
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Fig. 1. Changes in the content of available copper in soil depending
on the dose of sewage sludge

It is highly probable that the accessibility of available copper in soil can
increase in the second and third year after the application of sewage sludge.
This tendency can be explained by a larger influx of copper originating from
mineralization of organic matter added to soil together with sewage sludge
(Figure 2).

dose of sevage sludge (Mg ha–1)

LSD0.05  year – n.s., dose – 0.09, year × dose – n.s.
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The content of available zinc in soil changed significantly in the subse-
quent years of the research (Table 3). A non-significant increase occurred in
the second year compared to the first one. In the subsequent years, the
accumulation of available Zn in soil tended to decrease but its significant
limitation did not occur until 2008 (Figure 3). Contrary results were ob-
tained by I¯EWSKA et al. (2006), who found a significant rise in the content of
soluble zinc in soil three years after the soil amendment with sewage sludge.
In turn, PATORCZYK-PYTLIK (2004) reported that even six years after applica-
tion of sewage sludge to soil labile forms of zinc constituted 29% of the total
content of zinc in soil.

Fig. 2. Changes in the content of available copper in soil
in the following years of the experiment
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The zinc introduced to soil with sewage sludge was relatively quickly
converted into more easily assimilable forms but then, due to the processes
occurring in soil, it underwent retardation. The conditions present in our
experiment, i.e. a high content of organic matter, high soil abundance in
available phosphorus and alkaline soil reaction, did not favour the appear-
ance of excessive amounts of Zn available forms in soil. Similar results were
achieved by PATORCZYK-PYTLIK (2004), who noticed a considerable loss of the
available forms of zinc in each year of a three-year pot experiment.

year

LSD0.05  year – n.s., dose – 1.44, year x dose – 2.88
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As the dose of sewage sludge added to soil increased, so did the content
of soluble zinc in soil (Table 3, Figure 4). The highest dose of sewage sludge
(280 Mg ha–1) caused an over 36% increase in the concentration of this
element in soil compared to the control soil.

Fig. 3. Changes in the content of available zinc in soil
in the following years of the experiment

Fig. 4. Changes in the content of available zinc in soil depending
on the dose of sewage sludge

The results congruent with ours were reported by DELIBACAKA et al.
(2009), who also demonstrated higher concentrations of zinc in soil induced
by higher doses of sewage sludge in the initial period of the experiment.
However, the results obtained by PASCUAL et al. (2004) are contrary as the
quantities of available zinc in soil decreased under the effect of incremental
doses of sewage sludge.

The content of available Mn in soil was strongly affected by the doses of
sewage sludge introduced to soil (Table 4). Each increase in the dose of this
waste by 70 Mg ha–1 caused a significant increase in the concentration of
easily soluble forms of manganese in soil. Such strong influence of the dos-
es of sewage sludge on the content of available Mn in soil was confirmed by
the regression and correlation analysis (Figure 5). Higher accumulation of
available manganese in soil under the influence of sewage sludge has also
been demonstrated by I¯EWSKA et al. (2006). In contrast, PASCUAL et al. (2004)
inform that the content of this metal decreased under the effect of higher

year

dose of sevage sludge (Mg ha–1)
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doses of sewage sludge. Based on the calculations performed in this study,
somewhat weaker increase in the concentration of available Mn in soil was
also shown in the following years (Figure 6). The course of the regression
curve reveals that the effect of sewage sludge was more evident in the first
three years. In the last year of the experiment, the amount of soluble man-
ganese in soil did not undergo any considerable changes.
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Fig. 5. Changes in the content of available manganese in soil depending
on the dose of sewage sludge

Fig. 6. Changes in the content of available manganese
in soil in the following years

dose of sevage sludge (Mg ha–1)

year

LSD0.05 year – n.s., dose – 1.65, year x dose – n.s.
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Manganese is a very reactive element in the environment; it easily
changes its oxidation degree. In the present experiment, however, the soil
pH did not change much and the soil was not waterlogged, which otherwise
may have induced reactive conditions.

CONCLUSIONS

An increase in available Cu in soil in response to the introduced sewage
sludge was most evident in the second and third year after the application
of sewage sludge.

The content of soluble Zn in soil began to decrease in the second year
after the application of sewage sludge, but its significant limitation occurred
in the fourth year.

Sewage sludge significantly increased the content of soluble manganese
in soil in the first three years.

Based on the present experiment, we can recommend the tested sewage
sludge for non-agricultural use (lawns, slopes, rehabilitation of degraded
areas).
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Abstract

Depending on its concentration in the environment, zinc can be either an important
bio-element for development of living organisms, or a toxic heavy metal. Small water rese-
rvoirs are especially sensitive to contamination, as because of their location in the lowest
point of the catchment they tend to receive contaminants from its whole area. The purpo-
se of this work was to assess changes in concentration of zinc in surface, supra-bottom
and interstitial water, and in the upper layer of sediment, in five small water reservoirs
located in rural areas. The reservoirs  G1 and G2 were located in a golf course, water
body SW was in a village, very close to farmyards, water body P1 was in the middle of
a crop field, and water body P2 was on fallow land. For this research, samples were collec-
ted once a month, during three vegetation seasons. The water reservoirs contained an
elevated average concentration of zinc in water from 0.026 to 0.063 mg dm–3). The avera-
ge concentration of zinc in the sediments (from 25.8 to 118.2 mg kg–1) classified the exa-
mined reservoirs into the geochemical purity class 1. The highest content of zinc was in
the village pond. Highly significant correlations were determined between the content of
organic matter and zinc in the bottom sediment in the investigated reservoirs. At the same
organic matter content, the zinc concentration in the bottom sediments of the rural pond
was find-fold higher than in the other reservoirs. The concentration of zinc in water and
the factor of its accumulation in the sediment showed a clear seasonal character of chan-
ges. In the spring season, concentration of zinc in interstitial water was lower than in the
water depth, whereas in the vegetation season, the zinc concentration was observed to
rise in all layers, up to over ten-fold in the interstitial water. In the sediment, the zinc
accumulation factor changed in a reverse manner, i.e. it reached thee highest values du-
ring spring but fell the lowest in autumn.
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ZAWARTOŒÆ CYNKU  W WODZIE I OSADACH DENNYCH MA£YCH ZBIORNIKÓW
WODNYCH ZLOKALIZOWANYCH NA OBSZARACH WIEJSKICH

Abstrakt

Cynk, w zale¿noœci od jego zawartoœci w sk³adnikach ekosystemów, mo¿e byæ wa¿nym
w rozwoju organizmów ¿ywych biopierwiastkiem lub toksycznym metalem ciê¿kim. Szcze-
gólnie wra¿liwe na zanieczyszczenia s¹ ma³e zbiorniki wodne, które ze wzglêdu na swoje
po³o¿enie w najni¿szym miejscu zlewni odbieraj¹ zanieczyszczenia z ca³ego jej obszaru. Ce-
lem pracy by³a ocena zmian zawartoœci cynku w wodzie: powierzchniowej, przydennej i miê-
dzyosadowej oraz w powierzchniowej warstwie osadu w piêciu ma³ych zbiornikach wod-
nych zlokalizowanych na terenach wiejskich. Zbiorniki G1, G2 by³y umiejscowione na
terenie pola golfowego, zbiornik SW w centrum wsi, zbiornik P1 na  polu uprawnym, a zlew-
niê zbiornika P2 stanowi³ zadarniony od³óg. Próby do badañ pobrano 1 raz w miesi¹cu
w ci¹gu trzech sezonów wegetacyjnych. W badanych zbiornikach stwierdzono podwy¿szon¹
koncentracjê cynku w wodzie (od  0,026 do 0,063 mg dm–3). Œrednia zawartoœæ cynku
w osadach (od 25,8 do 118,2 mg kg–1) klasyfikowa³a badane zbiorniki do I geochemicznej
klasy czystoœci. Najwiêksz¹ zawartoœæ cynku stwierdzono w stawie wiejskim. Obliczono wy-
soce istotne korelacje miêdzy zawartoœci¹ materii organicznej i cynku w osadzie dennym.
Przy tej samej zawartoœci substancji organicznej, zawartoœæ cynku  w osadzie dennym sta-
wu wiejskiego by³a piêciokrotnie wiêksza ni¿ w pozosta³ych zbiornikach wodnych. Stê¿enie
cynku w wodzie oraz wspó³czynnik jego kumulacji w osadzie wykazywa³y wyraŸn¹ sezono-
woœæ zmian. W sezonie wiosennym stê¿enie cynku w wodzie miêdzyosadowej by³o mniej-
sze ni¿ w toni wodnej, natomiast w trakcie sezonu wegetacyjnego stwierdzono wzrost jego
stê¿enia we wszystkich warstwach wody, w wodzie miêdzyosadowej nawet o kilkanaœcie
razy. Odwrotnie zmienia³ siê wspó³czynnik kumulacji cynku w osadzie, przyjmuj¹c najwiêk-
sze wartoœci w sezonie wiosennym, a najmniejsze w sezonie jesiennym.

S³owa kluczowe: cynk, woda interstycjalna i powierzchniowa, osad denny, ma³e zbiorni-
ki wodne.

INTRODUCTION

Zinc is a heavy metal and, like some other heavy metals e.g. iron, cop-
per, nickel, and chrome, it is essential for proper functioning of living or-
ganisms and only after exceeding a certain level it becomes harmful. Al-
though zinc is one of the least toxic heavy metals, concentration of this
element has an effect on the quality of water in a reservoir. Zinc levels
above 5 mg dm–3 give water a bitter and metallic taste and in an alkaline
environment they cause turbidity of water. Zinc does not bio-accumulate in
organisms very well, which  limits its migration in the trophic chain (BROOKS,
MAHNKEN 2003, DEAN et al. 2006). Concentrations of zinc in water substantial-
ly affect biotic processes occurring in it. Zinc is incorporated into enzymes
and takes part in the bio-synthesis of nucleic acids and polypeptides. This
influence is most frequently observed in biocenoses that overgrow underwa-
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ter subgrades (PAULSSON et al. 2000, 2001,  ZHOU et al. 2007). Based on mi-
cro-system laboratory tests, PAULSSON et al. (2001) stated that as the concen-
tration of mobile zinc in water increases, the amount of phosphorus in the
peryphiton and the biomass of organisms decrease, while the activity of phos-
phohydrolytic enzymes increases. Growing activity of these enzymes on the
residue surface associated with a rise in the amount of zinc in interstitial
water was also recorded by  ZHOU et al. (2007). A high concentration of zinc
results in its accumulation in the radicular system, leading to some distur-
bance of photosynthesis, chlorosis and metabolism disorders. If the concen-
tration of zinc exceeds 0.100 mg dm–3, ions of this metal slow down the
process of water self-purification.

The thin line between zinc deficit and toxicity is very easy to cross.
Among the contributing factors are: increasing use of chemicals in agricul-
ture, industrialization and using some waste materials for agricultural pur-
poses. Small water reservoirs are especially pollution sensitive, as their lo-
cation is a bio-geo-chemical barrier for metals, where they are captured
mainly in bottom sediments (SZYPEREK 2005, SENZE et al. 2010). Like all other
heavy metals, zinc has a distinct ability to accumulate in various elements
of aquatic environments, especially in bottom sediments. Thus, bottom sedi-
ments constitute an element of the water environment which acts as a mode-
rator, influencing chemical qualities of the water which remains in contact
with these sediments. This is particularly true about heavy metals that are
arrested in bottom sediments by precipitation, sedimentation or sorption,
but in the course of chemical and bio-chemical decomposition, dissolution
and desorption, they can pollute the water environment again.

The content of zinc is usually tested in reservoir waters and bottom
sediments in drainage basins which have been polluted by industrial sewage
(NOCOÑ 2006). There are no comprehensive studies on the content of zinc in
reservoirs located in agricultural areas. The aim of this research is to eval-
uate the seasonal character of fluctuations in the content of zinc during
a plant growing season in small water reservoirs located in agricultural are-
as. Changes in the zinc content were tested in the upper, benthic and inter-
stitial  waters and in the top layer of bottom sediments.

MATERIAL AND METHODS

The research involved five, small, drainless, pond-like water reservoirs
with the permanent water table, located in Szczecin Landscape Park. These
reservoirs are characterized by differently developed direct drainage basins.
Two (G1, G2) are located within the premises of a golf club in Binowo.
Their drainage basins are dominated by brown ground soils (mainly fawn),
produced from light clay, sanded on top (Soil-agricultural map 1973). Two
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other reservoirs are located on fields in the village Kolowo. During the study,
the drainage basin of reservoir P1 was a farm field and the one of reservoir
P2 was turfed fallow land. The fifth reservoir (SW) is a typical rural pond,
located in the nearest vicinity of the farmyards in Kolowo. The drainage
basin of this reservoir covers areas of brown, leached  soil, formed from
light clay sand that transforms into light clay at the depth of 50-100 cm,
and of typical brown soil made from light clay. (Soil-agricultural map 1973).

Samples of water and sediments for specific tests were taken twice dur-
ing the spring (March-May), summer (June-August) and autumn (Septem-
ber-November) in three consecutive years: 2005-2007. The samples were col-
lected from the central parts of the water reservoirs. Firstly, surface layer
water was sampled with a scoop from the depth of 30 cm. Secondly, samples
of benthic water and of ceiling sediment with an undisturbed structure were
taken with the use of a sediment core sampler (produced by KC- Denmark).
A 10-centimeter layer of benthic water was  probed by the means of a sam-
pling pipe with a semi-automatic pipette Swiftpet. From the remaining sam-
ple, a 4-centimeter surface layer was extracted and separated with a special
set consisting of a piston and a tray for samples. Each time, extraction of
samples was repeated four times. When delivered to the laboratory, the
samples were centrifuged in a lab centrifuge for ten minutes at 3000 rpm.
Water collected above the centrifuged sediment was decanted and treated as
inter-sedimentary. After each sampling of water and sediment, averaged ag-
gregated samples from the surface layer of the sediment and from each
layer of water (surface, benthic and interstitial) were analyzed chemically.

In the examined samples of water and sediment, after wet mineraliza-
tion of the sedeiments in concentrated nitric acid in a microwave oven,
total content of zinc was determined with atomic absorption  spectrometry,
where zinc detectability limit was 2.5 mg kg–1. Determination of zinc was
conducted in a spectrometer Solaar S by ThermoElemental. Additionally, in
the centrifuged sediments, organic carbon was determined with Orlow and
Grindel’s method. The determinations were conducted in a double-beam spec-
trophotometer UV/VIS 8500 by Techcomp. The content of organic carbon
was converted into an organic substance quantity by multiplying it by the
modulus 1.724.

RESULTS AND DISCUSSION

Our comparison of the concentrations of zinc in the examined reser-
voirs to the threshold boundary values, given in the guidelines for classifica-
tion of surface waters (Regulation... 2008), showed that all the examined
water reservoirs were in good ecological condition as far as the content of
zinc was concerned. In the surface stratum, the mean concentration of that
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element calculated for the whole vegetative season remained in the range
of 0.026 mg dm–3 in reservoir G2 at the golf club and 0.063 in reservoir P2,
whose drainage basin was a fallow field (Table 1). In each reservoir, the
mean concentration of zinc in water tended to increase towards the bottom,
with the difference between zinc levels in interstitial water and those in the
water column being relatively small. It was only in  reservoir G1 that the
concentration of zinc in interstitial water was three-fold higher than in the
benthic layer, while in the other reservoirs it was only 30%  higher.

The mean content of zinc in the sediments of the examined water res-
ervoirs was within 25.8 mg kg–1 (in reservoir G2 at the golf club) and
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118.2 mg kg–1 of the dry sediment mass (in the village pond). It was lower
than the threshold value (200.0 mg kg–1), thus, in respect of this parameter,
the examined reservoirs can be qualified as class 1 of geochemical purity.
Reservoirs G1 and SW were an exception, because their zinc levels exceed-
ed the geochemical background, which equals 48.0 mg kg–1 (BOJAKOWSKA,
SOKO£OWSKA 1998). Lower or similar values of this parameter were observed
in other rural water reservoirs, e.g. in Owiesno pond it was  14.9 mg kg–1

(SENZE et al. 2010) and in Psurow pond it was 90.7 mg kg–1 (GA£KA,
WIATKOWSKI 2010). No significant correlations between the concentration of
zinc in the examined layers of water and its content in the sediment were
found. Significant positive correlations were observed between the zinc level
and the content of organic matter in the sediment (Figure 1). The determi-
nation coefficient for the linear regression function for the samples collected

Fig. 1. Relationships between the content of organic matter
and zinc in bottom sediment of the reservoirs

in the village pond was 0.77, and for the samples taken from the other
reservoirs it was 0.94. With respect to this dependence, some significant
correlations were also found by BASARAN et al. (2009), who studied sediments
in the Gulf of Gulluk, Turkey. Comparison of the regression coefficients of
linear functions describing the relationship between the content of zinc and
the content of organic matter in sediments in some water reservoirs indi-
cated that, at the same content of organic matter, the level of zinc in the
rural pond sediments was five-fold higher than in the other water reser-
voirs. This difference could be attributed to different sources of pollution, as
the rural pond was mainly polluted with household sewage and run-offs from
the farmyard, while the other reservoirs were fed by run-offs from their
drainage basins.

Concentrations of zinc in water collected from the analyzed reservoirs
underwent some distinct seasonal changes (Figure 2). In the springtime, the
concentration of this element in interstitial water was lower than in the
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water column, while during the vegetation season it increased even more
than a dozen times. This indicates that in spring, the gradient of zinc con-
centration was shifted toward the water column, while during summer and
autumn, it moved towards the interstitial water. In the examined reser-
voirs, the average concentration of zinc in summer and autumn was higher
than the threshold for this element (0.0025 mg dm–3), at which develop-
ment of phytoplankton biomas is depressed (PAULSSON et al. 2000, 2001).  The
highest levels of zinc observed in the interstitial water in summer and au-
tumn show that the seasonal variations in the concentration of zinc in the
studied reservoirs might be related to some biotic processes, especially the
biocenoses growing on submerged surfaces (PAULSSON et al. 2000, 2001,  ZHOU

et al. 2007). Seasonal fluctuations of zinc levels in the examined water res-
ervoirs confirm that in spring zinc is permanently bound in the sediment.
Then, in summer and autumn, like phosphorus and other heavy metals, it
can be released in processes of organic matter mineralization and photo-
chemical degradation, which are more intensive during the vegetation sea-
son in poly-mictic reservoirs (GÓRNIAK 1996).

Seasonal changes in concentrations of zinc in water were not reflected
by a change in  the zinc content in the surface layer of the sediment
(Figure 3), which indicates low mobility of zinc in sediments during the
vegetation season. Alkaline pH of the examined sediments may prove a po-
tentially low risk of releasing zinc should the chemical balance in the exam-
ined reservoirs change. In the sediments, about 40% of zinc is bound to Fe-
Mn oxides. This is confirmed by numerous studies, such as speciation
analysis of zinc in sediments of lakes in Wielkopolski National Park
(SOBCZYÑSKI, SIEPAK 2001) or in some smaller reservoirs (MADEYSKI et al. 2009).
Zinc may be reinstated from this fraction into the bio-circulation if strong
reducing conditions occur in the near-bottom zone.

Fig. 2. Mean seasonal concentrations of zinc in investigated layers of water, n=6
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CONCLUSIONS

1. With the determined concentrations of zinc, the small reservoirs ex-
amined proved to be in good ecological condition and belonged to class 1 of
geochemical purity. The highest level of zinc was found in the village pond.

2. In all the reservoirs, highly significant correlations between the con-
tent of organic matter and zinc in sediments were found. At the same con-
tent of organic matter, the zinc level in the village pond sediments was five-
fold higher than in the sediments of in the other reservoirs.

3. The zinc concentrations in water collected from the studied reser-
voirs was subject to significant seasonal changes. In spring, the gradient of
concentrations of Zn ions shifted towards the water column, while during
summer and autumn it moved towards interstitial water.
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Abstract

The rate of nitrogen uptake by sugar beet canopy during the growing season is a dri-
ving factor in both dry matter production and its distribution between leaves and the sto-
rage root. It has been hypothesized that nitrogen accumulation in both parts of the beet is
significantly affected by the regime of P and K supply to plants. This assumption has been
verified with the data obtained from a field static experiment, conducted in 2001-2003, with
eight fertilizing variants: without nitrogen (absolute control, PK), without one of the main
nutrients (KN, PN), with a reduced amount of phosphorus and potassium (N + 25% PK,
N + 50% PK) and with the recommended amounts of basic nutrients (NPK, NP*K, P* –
P in the form of PAPR). Amounts of in-season accumulated nitrogen in sugar beet parts
were measured on eight consecutive sampling dates, in two- to three-week intervals. The
general pattern of N accumulation in leaves is best described by a quadratic equation, but
follows a linear function in storage roots. The maximum rate of nitrogen accumulation
depended on years and fertilizing variants. Limited supply of nutrients to beet plants, cau-
sed by the course of the weather or the applied fertilizers (less than 50% of the recom-
mended N rate and without K), was the main reason for a lower rate of nitrogen accumu-
lation in storage roots in the first part of the growing season. The course of absolute and
relative nitrogen uptake rates shows that in the second part of the season the sugar beet
could compensate the uptake of N from its soil resources. However, the effect of compen-
satory N uptake on yield of storage roots was inconsistent. When water and nutrients
were in ample supply, e.g. in 2001, the additionally absorbed nitrogen could be used as an
indicator of the yield potential of sugar beet. Under other growth conditions, it is used
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mainly for restoration of leaf growth, with a different effect on the final yield of storage
roots. The quadratic trend of N accumulation in beet canopy during the growing season
reflects the crop’s N saturation status, a prerequisite of high yields of storage roots, as in
2001. The linear model, manifesting itself in years with pronounced drought, represents
a sub-optimal status of N management in sugar beet canopy, resulting in much lower yields.

Key words: sugar beet, fertilizing variants, N accumulation patterns.

WP£YW ZRÓ¯NICOWANYCH SYSTEMÓW NAWO¯ENIA NA WZORCE
AKUMULACJI AZOTU W OKRESIE WEGETACJI – NA PRZYK£ADZIE

BURAKA CUKROWEGO

Abstrakt

Szybkoœæ pobierania azotu przez plantacjê buraki cukrowe w okresie wegetacji jest
czynnikiem decyduj¹cym zarówno dla produkcji, jak i rozdzia³u suchej masy miêdzy liœcie
i korzeñ spichrzowy. W zwi¹zku z tym postawiono tezê, ¿e akumulacja azotu w obu czê-
œciach roœliny istotnie zale¿y od re¿imu zaopatrzenia roœliny w P i K. Postawion¹ tezê zwe-
ryfikowano w doœwiadczeniu polowym statycznym, prowadzonym w latach 2001-2003,
w którym zastosowano 8 wariantów nawozowych: bez azotu (kontrola absolutna, PK), bez
jednego g³ównego makrosk³adnika (NK, NP), ze zredukowana dawk¹ P i K (N + 25% PK;
N + 50% PK) oraz z zalecan¹ dawk¹ sk³adników (NPK, NP*K, P* – P w nawozie fosforo-
wym, tzw. wzbogaconym). Iloœæ azotu akumulowanego przez buraki w okresie wegetacji
mierzono w 8 kolejnych terminach w cyklach dwu- do trzytygodniowych. Ogólny model
akumulacji azotu w liœciach buraków najlepiej opisuje równanie kwadratowe, a w korze-
niach – liniowy. Maksymalna szybkoœæ akumulacji azotu zale¿a³a istotnie od lat i wariantu
nawozowego. Ograniczone zaopatrzenie roœlin w skladniki pokarmowe, wynikaj¹ce zarów-
no z przebiegu pogody w sezonie wegetacyjnym, jak i wariantu nawozowego (dawka P i K
poni¿ej 50% dawki zalecanej), by³o g³ówn¹ przyczyn¹ mniejszej szybkoœci akumulacji azotu
przez korzenie buraków w pierwszym okresie wegetacji. Przebieg krzywych bezwzglêdnej
i wzglêdnej akumulacji azotu w okresie wegetacji wskazuje na zdolnoœæ buraka cukrowego
do kompensacji pobierania tego sk³adnika z jego rezerw w glebie w drugiej czêœci okresu
wegetacji. Efekty plonotwórcze kompensacyjnego pobierania azotu nie s¹ jednoznaczne.
W warunkach optymalnego zaopatrzenia roœlin w wodê i skladniki pokarmowe, t.j. w 2001 r,
dodatkowo pobrany azot jest wskaŸnikiem realizacji potencja³u plonotwórczego buraków.
W innych warunkach wegetacji dodatkowo pobrany azot zostaje zu¿yty na odtworzenie li-
œci, z ró¿nym skutkiem dla koñcowego plonu korzeni. Model kwadratowy akumulacji azotu
w okresie wegetacji odzwierciedla stan wysycenia roœlin azotem, warunkuj¹c du¿y plon ko-
rzeni, jak w 2001 roku. Model liniowy, ujawniaj¹cy siê w latach z wyraŸnie zaznaczon¹
susz¹, przedstawia suboptymalny stan gospodarki azotem na plantacji buraków, prowadz¹c
jednak¿e do zmniejszenia plonu korzeni.

S³owa kluczowe: burak cukrowy, warianty nawo¿enia, dynamika akumulacji azotu.

INTRODUCTION

The main aim of farmers producing sugar crops may seem self-contra-
dictory because of the reciprocal relationships occurring between a high stor-
age roots yield and its technological quality. Adequate nitrogen management
is needed in order to obtain both goals.
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On the one hand, high yields of storage roots are significantly related to
the amount of nitrogen taken up by plants during the growing season. On
the other hand, excess nitrogen in beet plant at harvest results in a high
content of soluble nitrogen compounds, which deteriorate the quality of stor-
age roots (BURBA 1996, HOFFMANN 2005).

God nitrogen management in sugar beet farming, a driving factor in
sugar production, is difficult due to many factors. Supply of nitrogen to plants
throughout the growing season depends on both soil N resources and exter-
nally applied nitrogen fertilizers. In addition, the distribution of assimilates
between the storage root and leaves is strongly influenced by the soil nitro-
gen dynamics. The size of this N pool significantly depends on the weather
course during the season. The weather is the primary factor shaping the
soil N rate mineralization, and it is highly unpredictable. Consequently, the
relationship between N accumulation in beets and applied rates of fertilizer
nitrogen is typically a weak one (MALNOU et al. 2008, WERKER et al. 1999).

The yield potential of sugar beet in most areas of Europe can be consid-
erably impaired due to the shortage of water during both early and later
stages of the crop’s growth. It is strongly affected by the weather variability,
especially in summer months (KENTER et al. 2006). However, the impact of
the weather can be modified by a soil nutrient regime, which can at least
partly control water shortages (GRZEBISZ et al. 2002). The degree to which
production resources can be substituted depends on the nitrogen manage-
ment, as pointed out by FRECKLETON et al. (1999). Therefore, the main prob-
lem for achieving efficient N management in sugar beet is to understand
the degree of its impact on the dynamics of leaf and storage root growth
throughout a growing season.

The objective of this study was to determine patterns of N accumula-
tion in sugar beet parts, using the growth analysis procedure. In other
words, we analyzed to what extends a fertilizing regime affects the dynam-
ics of nitrogen accumulation during the course of a growing season.

MATERIAL AND METHODS

The study was based on sets of data obtained from a static field experi-
ment, which was carried out on a private farm at Wieszczyczyn
(52o02’N17o05’E) during three consecutive growing seasons 2001, 2002, 2003.
The soil originating from sandy loam underlined by loam is classified ac-
cording to the Polish system as class IV a, good rye complex, and in the
agronomic categories as light soil. The field trial, arranged in a one-factor
design replicated four times, consisted of eight treatments:
1. Control – absolute control, i.e. no applied fertilizers (acronym Control);
2. PK – only phosphorus and potassium (VPK, Variant PK);
3. NK – only nitrogen and potassium (VNK);
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4. NP – only nitrogen and phosphorus (VNP);
5. NPK – basic set of nutrients, but P, K rates limited to 25% of adjusted

quantity (V25);
6. NPK – basic set of nutrients, but P, K rates limited to 50% of adjusted

quantity (V50);
7. NPK – basic set of nutrients, full rate of adjusted quantity of nutrients (V100);
8. NP*K – basic set of nutrients, as in the W100 variant, but P was applied as

partially acidulated phosphoric rock (V100P).
The preceding crop for sugar beet (variety Kassandra) was winter wheat.

The main rates of phosphorus and potassium were calculated annually based
on the expected yield of storage roots (60 t ha–1) and the current soil P and
K fertility for the NPK treatment. The actually applied rates of both nutri-
ents followed the experimental design. The rate of fertilizer nitrogen was
also calculated annually taking into account three components; i) content of
soil mineral nitrogen in the layer 0.9 m, ii) the expected yield, and iii) unit
nitrogen accumulation of four kg N t–1 (taproots + respective amount of
tops). It amounted to 150 kg ha–1 in 2001 and 2003 and 120 kg ha–1. All
basic fertilizers and the first rate of nitrogen equal 80 kg N ha–1 were
applied in spring before seedbed preparation. The remaining nitrogen rate
was top-dressed at the stage of 3(5) leaf.

For purposes of this particular study, eight plants were sampled (1 m2)
on eight consecutive dates during the sugar beet growth, counting days af-
ter sowing (DAS): 40, 55, 77, 92, 113, 134, 155, 175. On each date, every
plant sample was divided into sub-samples of leaves and the storage root,
and then dried (65oC). The results were expressed on the dry matter (DM)
basis. Nitrogen concentration in plant parts was determined by standard
macro-Kjeldahl procedure. Nitrogen accumulation (yield) at each sampling
date was calculated based on its concentration and dry matter yield of par-
ticular parts of sugar beet plants.

The growth analysis procedure was applied to determine the dynamics
of nitrogen accumulation during the growing season. Two parameters were
applied, determined separately for leaves and taproots and also for the total
N uptake by sugar beet canopy. The first parameter, termed as Crop Nitro-
gen Uptake Rate (CNUR), was calculated from the formula:

         Na2 – Na1
CNUR = —————— .

        T2 – T1

The second growth parameter, the Relative Rate of Nitrogen Uptake,
was calculated using the formula:

         LnNaW2 – LnNaW1
RRNU = ——————————— ,

        T2 – T1
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where:
Na2, Na1 – yield of accumulated nitrogen in two consecutive sam-

plings; kg ha–1;
T2, T1 – two consecutive sampling dates, days after sowing (DAS).

The experimentally obtained sets of data were subjected to conventional
analysis of variance, using the computer program Statistica 7. The least
significant differences (LSD at P = 0.05) were calculated to establish the sig-
nificance of means for each factor or their interactions. Simple regression
was applied to estimate the strength of relationships between some plant
characteristics.

RESULTS AND DISCUSSION

Leaves
Nitrogen accumulation (Na) in leaves significantly depended on the test-

ed fertilizing variants, but at the same time showed significant year-to-year
variability (Table 1). The highest effect of the annual weather fluctuation
occurred at early stages of the growth. At the stages BBCH 17 and 43,
coefficients of variation were 83% and 43%, respectively. These two stages
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are critical for sugar beet plant development and yielding, as they are re-
sponsible for efficiency of solar-energy use (MALNOU et al. 2006). The calcu-
lated coefficients clearly indicate differences in the nitrogen uptake rate by
growing plants. The general trend of nitrogen accumulation in leaves dur-
ing the growing season was progressive, following the quadratic regression
model:
1. 2001: Na = -0.014 DAS2 + 3.97 DAS - 142.7 for R2 = 0.84 and Naop = 142 DAS
2. 2002: Na = -0.007 DAS2 + 2.12 DAS - 53.76 for R2 = 0.85 and Naop = 151 DAS
3. 2003: Na = -0.009 DAS2 + 2.61 DAS - 98.23 for R2 = 0.92 and Naop = 145 DAS

The day of the maximum N accumulation (Namax) in leaves did not
show high year-to-year differences. In 2001 and 2003, it occurred in the
second decade of September, but in 2002, it took place one week later. How-
ever, the Namax showed substantial seasonal differences, amounting to ca
138, 100 and 107 kg N ha–1, respectively.

The effect of the tested fertilizing variants on Na in sugar beet leaves
was significant at each stage of plant sampling. At stage BBCH 14, four
homogenous groups of variants are distinguishable, presented below in the
decreasing order:

V100, V100P > V50, PN = KN, V25 > PK, control

This order was transient and changed considerably from the stage of
BBCH 17 onwards, when the whole population of variants can be regrouped
as follows:

V100, V100P, V50, V25, KN > PN > PK, control.

These groups dominated to the mid-season, characterized by the highest
absolute rate of total biomass growth (GRZEBISZ et al. 2012). One of the most
important observations about the sugar beet response to nutrient applica-
tion appeared in the PN variant, i.e., in which potassium was omitted from
the fertilizing program. Plants grown without fresh supply of potassium gath-
ered significantly much more nitrogen in leaves in comparison to treatments
without nitrogen, but at the same time far less than those fertilized with
potassium. This phenomenon recurred at the final phase of sugar beet
growth. The difference indirectly underlines the importance of potassium in
the processes of nitrogen uptake (MARSCHNER et al. 1995). However, the stim-
ulating effect of potassium, as in the NK case, on the yield-forming effect of
nitrogen taken up by beet plants is a controversial matter. High accumula-
tion of nitrogen in leaves at harvest is related to its high concentration in
the storage root, which depresses its technological quality (HOFFMANN 2006).

The quadratic pattern of N accumulation in sugar beet leaves is typical,
but the observed differences among the fertilizing variants can be explained
better by the growth analysis procedure. The first parameter, the crop ni-
trogen uptake rate (CNUR), informs us about the absolute rate of nitrogen
accumulation in sugar beet canopy during the growing season. In order to
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present typical trends, three out of the eight tested variants were selected,
i.e., VPK, V25 and V100P. The first one, representing the treatment with-
out nitrogen, showed the highest (except the absolute control) year-to-year
variability of harvested yields of storage roots (average yield of 54.4 Mg ha–1

and CV = 34.4%). The second one, characterized by the application of 25% of
the recommended rate of P and K, showed both the highest average yield of
beets (71.8 Mg ha–1) and the lowest CV (9.9%). The third variant, compris-
ing full amounts of recommended nutrients, showed a high yield of storage
roots (72.4 Mg ha–1) but almost a three-fold higher CV (+ 29%) than the V25
variant (not all data are not reported in the paper, but details are available
from the authors).

Patterns of the in-season CNUR courses were much more dependent on
the year-to-year weather variability than on the fertilizing variant
(Figure 1a,b,c). In 2001 and 2003, patterns of the nitrogen accumulation rate
in sugar beet leaves were very similar, irrespective of the treatment (Fig-
ure 1a and c). In the first part of the season, the CNUR increased exponen-
tially, reaching the top at 92 DAS. Since 92 DAS onwards, a sudden, expo-
nential drop was observed, demonstrating however a secondary,
nutrient-specific increase. In the second season, in 2002, the elevation of
the N rate uptake occurred much earlier in the nitrogen fertilized variants,
i.e., at the stage of BBCH 17. The effect of the weather on the seasonal
CNUR course is best presented for the V100P variant. The highest nitrogen
uptake rate, irrespective of the stage of sugar beet growth, was ca 8, 6, and
4 kg N ha–1 d–1 in 2001, 2003, 2002, respectively (Figure 1c). The recorded
differences reflect, albeit only partly, the importance of CNURmax for the

Fig. 1a. Effect of fertilizing variants on the dynamics of absolute nitrogen accumulation
rate in sugar beet leaves, PK treatment

10 000
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final yield of storage roots. They also indicate that sugar beet plants under
water stress are able to compensate the rate of storage root growth.

The second-growth parameter taken into account in this study is the
relative rate of nitrogen uptake (RRNU). The course of the developed curves
can be described by some attributes such as i) the average value for the
whole season, ii) the maximum RRNU value, the DAS of RRNUmax eleva-

Fig. 1b. Effect of fertilizing variants on the dynamics of absolute nitrogen accumulation
rate in sugar beet leaves, V25 treatment

Fig. 1c. Effect of fertilizing variants on the dynamics of absolute nitrogen accumulation
rate in sugar beet leaves, V100P treatment

10 000

10 000
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tion (Table 2). The general pattern of this growth parameter was very simi-
lar in the first part of the season. In 2001 and 2003, the minor peak of the
RRNU intake appeared at early stages of sugar beet growth, i.e., at the
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stage of BBCH 17. The second, major one, took place at 92 DAS (Figure 2).
The effect of the fertilizing variants on the average RRNU values was rela-
tively low, achieving the highest values in 2002. For all the fertilizing vari-
ants and years, the RRNU showed high in-season variability, as described
by coefficients of variation. This was, nevertheless, an attribute of the sec-
ond part of the season and treatments with nitrogen. The reported recovery
of the N uptake corroborates the thesis of FRECKLETON et al. (1999) of the
importance of N fertilization in controlling water shortage. The main rea-
son of certain inconsistency of the coefficient of variation was the weather
variability in August and September, in turn affecting the uptake of fertili-
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zer nitrogen. This outcome is in agreement with KENTER et al. (2006), who
stressed the importance of the course of weather in these two months for
the final yield of storage root yields.

Storage roots
The effect of the fertilizing variants on nitrogen accumulation in stor-

age roots was significant, but at the same time year-dependent for the most
stages in the growing seasons (Table 3). As in the case of leaves, the course
of these attributes during the growing season can be described by year-
specific regression models:
1. 2001: Na = 0.967 DAS – 45.56 for R2 = 0.99;
2. 2002: Na = -0.00013 DAS3 + 0.04 DAS2 - 3.12 DAS + 66.00 for R2 = 0.998;
3. 2003:  Na = -1.017 DAS – 52.49 for R2 = 0.96.

In the first and third growing season, as results from the developed line-
ar models, nitrogen accumulation in storage roots was continuously progress-
ing. This pattern of N in-season accumulation indirectly underlines an ample
supply of nitrogen to beet plants from both soil and fertilizer resources until
the end of the growing season. This uptake scenario is possible because the
storage root can continue its growth for more than 175 days, as occurred in
2001 (MAELANDER et al. 2003). The linear model of N accumulation can be
therefore considered as positive, provided that it results in a simultaneous
increase in yield of storage root. This happened in 2001 but not in 2003. For
example, in 2001, the yield of storage roots for the 100 P variant slightly
exceeded 95 t ha–1, whereas in 2003 amounted only to 60 t ha–1.

Fig. 2. Effect of the full sugar beet fertilizing on the dynamics of relative nitrogen
accumulation rate in sugar beet leaves, V100P treatment
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Quite a different pattern of nitrogen accumulation was recorded in 2002.
The developed regression model indicates occurrence of some factors limit-
ing the N uptake rate during the season. Calculating the first derivative,
the transition day of nitrogen uptake rate can be fixed. In this case, it
occurred at 103 DAS, i.e. it took place at the end of the third decade of
July. The main cause of the decreased rate of N accumulation in storage
roots was water shortage, which reduced the rate of nitrogen uptake. This
pattern of N accumulation can be considered as positive provided that yield
of storage roots follows the same course or increases.

The effect of the fertilizing variants on the nitrogen accumulation course
showed the highest variability and dependence on the actual weather condi-
tions, but limited to the first part of the season. Again, the most interesting
is the NP variant. Plants grown without fertilizer potassium accumulated
far less until 113 DAS than in the other N fertilized variants. At harvest,
the nitrogen status in storage roots can provide much useful information.
All the fertilizing variants, according to LSD, can be divided into three dis-
tinctive groups based on the quantity of accumulated N:

V50, V100, V100P > V25, VKN, VPN > VPK, control.

The order of the variants is simply related to rates of applied P and K
fertilizers. Therefore, it can be concluded that rates of both nutrients below
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50% of the recommended rate do not guarantee to cover sugar beet require-
ments for nitrogen. This conclusion is true, assuming that the growth con-
ditions allowing full exploitation of the sugar beet yielding potential. Its
achievement depends, however, on the weather course during the middle
and second part of the season (Figure 3a, b). Sugar beet plants could com-
pensate the rate of nitrogen accumulation in storage roots during the sec-
ond part of the season, in turn stimulating the rate of both canopy and
storage root growth (GRZEBISZ et al. 2012). This finding is contrary to the
observation reported for sugar beets grown in Britain and made by MALNOU

et al. (2008). These authors did not find any significant effect of late-sum-
mer, compensatory supply of N on beet on sugar yield.

The conducted growth analysis showed high, but inconsistent variability
of the nitrogen accumulation rate in storage roots (Figure 3a, b). The gen-
eral pattern of CNUR showed a sinusoidal-like course. It inconsistency was
both year- and nutrient-specific. Plants grown on plots fertilized with 25% of
the recommended P and K rates, showed high recurring peaks, which took
place at 92 and 155 DAS in 2003 and at 113 and 155 DAS in 2002. For
comparison, in 2001 plants grown on the 100P plot showed a constant rate
of N accumulation from the stage of BBCH 43 onwards. This pattern of
growth was a prerequisite of a significantly high yield of storage roots. How-
ever, as presented in the Figure 3b, the in-season variable pattern of N
accumulation can be considered as an attribute of a high-yielding sugar beet
plantation. The fully fertilized variants showed a multi-elevation pattern of
the CNUR course. The highest yield of storage roots can be related to a very
fast rate of N accumulation in the early stages of growth, followed by sec-
ondary and even tertiary elevations. Any factor delaying the rate of N accu-

Fig. 3a. Effect of fertilizing variants on the dynamics of absolute nitrogen accumulation
rate in storage roots, V25 treatment
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mulation in the storage root in the early stages of growth negatively affects
its final yield, as occurred in 2002. The pattern of N accumulation dynam-
ics, as described for the 100P variant in 2001, fully corroborates the thesis
presented by BOIFFIN et al. (1992), who assumed that any factor disturbing
the rate of canopy growth at the early stages of sugar beet growth negative-
ly affected the interception of solar radiation by the sugar beet canopy, thus
slowing down the rate of plant growth due to inferior utilization of solar
energy. It can be therefore concluded that any factor retarding the N up-
take accumulation in the storage root during the early stages of sugar beet
growth negatively affects its yield (MALNOU et al. 2006). It has been docu-
mented that nitrogen accumulated in the young storage root is important
for the development of parenchyma rings, a prerequisite of its potential stor-
age size for sugar accumulation (BELL et al. 1996).

The general pattern of the relative rate of nitrogen accumulation (RRNA)
in the storage root was highly consistent in years and fertilizing variants
(Table 2, Figure 4). S a rule, plants achieved RRNAmax, which ranged from
0.27 to 0.31 kg N kg–1 d–1, at 92 DAS. The average RRNA, however, was
slightly affected by the annual weather course, being much lower in 2002
and 2003. The main reason for high in-season RRNA variability, as indicated
by the coefficient of variation, was its inconsistency in the second part of
the season. It was both nutrient- and year-specific.

Fig. 3b. Effect of fertilizing variants on the dynamics of absolute nitrogen accumulation
rate in storage roots, V100P treatment
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Total nitrogen uptake
The total nitrogen accumulation in sugar beet canopy during the grow-

ing season showed a significant response to the tested fertilizing variants.
However, it was distinctly modified by the course of weather in each stage
of plant growth except at harvest (Table 4). The strongest effect of the weath-
er was manifested in the early stages of sugar beet development. The gen-
eral pattern of total N accumulation in beets during the growing season can
be described by two regression models. In 2001, it followed a quadratic func-
tion but in 2002 and 2003, it was described by a linear one, as presented
below:
1. 2001:  Nat = -0.014 DAS2 + 4.741DAS – 177.8  for R2 = 0.93 and DASop = 169;
2. 2002: Nat = - 1.469 DAS – 28.37        for R2 = 0.95;
3. 2003:  Nat = 1.757 DAS – 67.34        for R2 = 0.93.

The models of N accumulation during the growing season indirectly in-
dicate completely different growing conditions in 2001 in comparison to the
other years. In 2001, sugar beet plants could fully exploit soil and fertilizer
N resources, reaching the nitrogen saturation status. This is verified by the
maximum N uptake of 223.6 kg N ha–1, achieved at 169 DAS. The present-
ed model coincides with the maximum yield of storage roots. Therefore, the
quadratic model of N accumulation by sugar beet plants throughout the
season can be considered as optimal for the maximum N productivity. In
the other two years, the linear model of in-season N accumulation dominat-
ed, in turn underlying the unsaturated status of nitrogen management by
beet plants. The term simply means that plants could accumulate high
amounts of nitrogen, but did not convert them into a respective biomass of

Fig. 4. Effect of the full sugar beet fertilizing on the dynamics of relative nitrogen
accumulation rate in storage roots, V100P treatment
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beets. As a result, the harvested yields of storage roots were much lower
than in 2001. Therefore, this model presents a sub-optimal model of N man-
agement by sugar beet canopy.

Nitrogen accumulation (Na) during the course of a growing season was
stage-to-stage variable. Its seasonal fluctuation, induced by the weather
course, occurs mainly between the treatments fertilized with nitrogen. The
applied index, determined at sugar beet harvest, known as nitrogen use
efficiency (NUE), confirms high year-to-year Na variability (Figure 5). The
average NUE values were 72%, 48%, 62% for 2001, 2002, and 2003, respec-
tively. What is even more interesting is the nutrient-induced variability of
NUE, as described by the coefficient of variation (CV, %):

VPN (9.9) < VKN (15.1) < V25 (20.9) < V100 (22.8) < V50 (31.5) < V100P (37.3).

The most stabile value of NUE, but at the same time the lowest among
the fertilizing variants, is attributed to the PN treatment (55.5%), i.e., with-
out potassium. The importance of this particular nutrient for N uptake is
supported by the fact that efficiency of N fertilizer, as found for the KN
variant, was 10% higher (65.1%). The third group of variants consists of two
treatments, i.e., V25 and V100. For both, the NUE increased slightly above
70%, but at the same time its seasonal variability exceeded 20%. The fourth
group, characterized by the highest variability of both indices, i.e., the NUE
(> 81%) and CV (above 30%), comprises V50 and V100P variants. The impact
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of full supply of nutrients on nitrogen recovery was extremely high, both in
the wet year 2001, when it approached 100% and in the dry year 2003.

The above variability of NUE indirectly reflects high dynamics of nitro-
gen accumulation in sugar beet plants throughout the season. The in-sea-
son course of the crop nitrogen uptake rate (CNUR) for total N showed
high variability in response to both years and applied nutrients. The effect
of variable weather conditions allows us to distinguish two main patterns of
N uptake, as presented in Figure 6a-c. In 2001 and 2003, sugar beet canopy

Fig. 5. Effect of differentiated fertilizing variants on nitrogen use efficiency
in three consecutive growing seasons

Fig. 6a. Effect of fertilizing variants on the dynamics of absolute nitrogen accumulation
rate in sugar beet canopy, PK treatment

10 000
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achieved the maximum CNUR at 92 DAS, but in 2002 it happened five weeks
earlier, i.e. at BBCH 17. This year-induced difference in the nitrogen accu-
mulation rate was combined with a significant effect of the fertilizing vari-
ants. Plants fertilized with 25% of the recommended rate of PK but with
a full rate of N accumulated N at the maximum rate of 6 kg N ha–1 d–1,

Fig. 6b. Effect of fertilizing variants on the dynamics of absolute nitrogen accumulation
rate in sugar beet canopy, V25 treatment

Fig. 6c. Effect of fertilizing variants on the dynamics of absolute nitrogen accumulation
rate in sugar beet canopy, V100P treatment

10 000

10 000
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but those fertilized with a full PK rate could take up 1/3 more nitrogen on
a daily basis, i.e., 8 kg N ha–1 d–1. For comparison, beet plants grown in
2002 did not exceed CNURmax of 4 kg N ha–1 d–1. Therefore, it can be
concluded that in 2002 sugar beet plants experienced nitrogen stress imme-
diately before the period of the highest natural rate of canopy growth. An
insufficient supply of nitrate-nitrogen to plants in the early stages of their
growth is to a large extent related to an insufficient supply of soil potassi-
um, as was confirmed by the in-season N accumulation in beets grown in
the PN treatment (Table 4). As pointed out by MARSCHNER et al. (1996), defi-
cient supply of potassium to growing plants negatively affects the rate of
CO2 fixation, in turn decreasing the size of beets leaves. We should be aware
that this nitrate nitrogen temporarily lost is taken up by plants during the
later stages of sugar beet growth, in turn disturbing the partitioning of as-
similates and deteriorating the technological quality of storage roots (HOFF-
MANN 2005, POCOCK et al. 1990, WOJCIECHOWSKI et al. 2002).

Despite our expectations, the second-growth parameter, the relative rate
of nitrogen uptake (RRNU), did not show high variability in response to the
studied factors (Table 2, Figure 7). Sugar beet plants achieved the maxi-
mum RRNU generally at 92 DAS, i.e. covering the highest absolute rate of
both leaves and taproot growth. As presented in Fig. 7, sugar beet canopy
showed a secondary in-growth rate of nitrogen uptake, which for the PK
limited treatments in years with drought (2002, 2003) took place three weeks
earlier than in wet 2001 (Figure 7a). For the variants with a full supply on
both nutrients, the RRNU curves showed the same course, irrespective of

Fig. 7a. Effect of fertilizing variants on the dynamics of relative nitrogen accumulation
rate in sugar beet canopy, V25 treatment
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the weather conditions (Figure 7b). However, in the first year of the experi-
ment, plants’ response focused on storage root yield increase, whereas in
the years with water stress, the secondary in-growth of leaves was more
strongly affected.

CONCLUSIONS

1. The general pattern of nitrogen accumulation in leaves during the
course of the growing season is well described by the quadratic regression
model. The course of the weather significantly affects the maximum of N
accumulation.

2. The crop nitrogen uptake rate for leaves is slightly variable in the
first part of the sugar beet growing season, but, but becomes significantly
varied in the second one.

3. The CNURmax for leaves reflects fairly well the yielding potential of
sugar as affected by the weather course and level of applied nutrients. Phos-
phorus and potassium rates below 50% of the recommended rate do not
ensure that the storage root requirements for nitrogen are covered.

4. As a rule, the nitrogen accumulation in leaves and the storage root
was lower in plants without fertilizer potassium.

5. The developed patterns of absolute and relative uptake rate of nitro-
gen shows compensatory uptake of N from its soil resources in the second

Fig. 7b. Effect of fertilizing variants on the dynamics of relative nitrogen accumulation
 rate in sugar beet canopy, V100P treatment
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part of the season. However, its effect on the yield of storage roots was
inconsistent. Under ample water and nutrient supplies, it could be consid-
ered as a factor allowing complete exploitation of the yielding potential of
sugar beets.

6. The quadratic model of the total nitrogen accumulation in sugar beet
canopy throughout the

 season indicates high efficiency of both soil and fertilizer nitrogen tak-
en up by plants.
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Wroc³aw University of Environmental and Life Sciences

Abstract

Landfilling is the most popular method of waste treatment in Poland. Old and usually
uninsulated landfills constitute a major source of contaminants, which are leached by pre-
cipitation waters. As rainwater percolates through a landfill, suspended and dissolved com-
ponents, waste decomposition products and various microorganisms are leached. Given the
lack of any protection against leachate contacting groundwater, contaminants spread over
a distance ranging from dozens of meters to several kilometers.

The purpose of this paper was to determine the degree of contamination of leachate
and groundwater with heavy metals (manganese, iron, nickel, chromium, zinc, copper, lead
and cadmium) in the surroundings of the Maœlice municipal landfill site in Wroc³aw. The
landfill was created without prior insulation of its base, and it has accumulated ca 2.4 mln
m3 of waste in over thirty years of its use. Studies on the groundwater were carried out
from 1995 to 2008, and the examination of the leachate was concluded in 2004.

The analysis of the results shows that the groundwater flowing to the research object
is already contaminated. While water percolates through the uninsulated base of the land-
fill,  its quality continues to deteriorate. A large quantity of accumulated waste contributes
to the severe contamination of the groundwater.

Leachate from the insulated part of the landfill displayed properties that correspond
to “old” landfills. Inside such landfills, the processes occurring during the methanogenic
phase of waste decomposition are abundant. Concentrations of heavy metals found during



690

the research (except some characteristic values of iron and chromium) were within the
limits that allow discharge to sewage facilities, surface waters or soil.

Changes in the content of analyzed heavy metals in the leachate and groundwater
give a reason to suppose that in the years to come the amount of leached contamination
may grow. Thus, it is necessary to continue the research – even in a scope broader than
required by regulations concerning the monitoring of landfills.

Key words :  municipal waste, landfilling, groundwater, leachate, contamination, heavy
metals.

ZMIANY ZAWARTOŒCI WYBRANYCH METALI CIÊ¯KICH
W WODACH PODZIEMNYCH NARA¯ONYCH NA ODDZIA£YWANIE

SK£ADOWISKA ODPADÓW KOMUNALNYCH

Abstrakt

Sk³adowanie jest najbardziej rozpowszechnion¹ form¹ unieszkodliwiania odpadów
w Polsce. Stare, czêsto nieuszczelnione sk³adowiska stanowi¹ powa¿ne Ÿród³o zanieczysz-
czeñ, wymywanych przez wody opadowe. Przesi¹kanie wody przez z³o¿e odpadów powodu-
je wymywanie do wód gruntowych zawieszonych i rozpuszczonych sk³adników, substancji
powstaj¹cych w trakcie rozk³adu odpadów oraz rozmaitych mikroorganizmów. Brak zabez-
pieczeñ uniemo¿liwiaj¹cych kontakt wód odciekowych z podziemnymi powoduje rozprze-
strzenianie siê zanieczyszczeñ, których zasiêg mo¿e wynosiæ od kilkudziesiêciu metrów do kil-
ku kilometrów.

Celem pracy by³o okreœlenie zanieczyszczenia wybranymi metalami ciê¿kimi (mangan,
¿elazo, nikiel, chrom, cynk, miedŸ, o³ów i kadm) wód odciekowych i podziemnych na tere-
nach otaczaj¹cych sk³adowisko odpadów komunalnych „Maœlice” we Wroc³awiu. Powsta³o
ono bez wczeœniejszego uszczelnienia pod³o¿a, a w ci¹gu ponad trzydziestu lat eksploatacji
zgromadzono na nim ok. 2,4 mln m3 odpadów. Badania wód podziemnych prowadzono w la-
tach 1995-2008, badania odcieków zakoñczono w 2004 roku.

W badaniach wykazano, ¿e ju¿ wody podziemne dop³ywaj¹ce do sk³adowiska s¹ zanie-
czyszczone. Podczas przep³ywu przez nieuszczelnione pod³o¿e sk³adowiska nastêpuje dodat-
kowe pogorszenie ich jakoœci. Du¿a iloœæ nagromadzonych odpadów jest przyczyn¹ powa¿-
nego zanieczyszczenia wód podziemnych.

Wody odciekowe z uszczelnionej czêœci sk³adowiska wykazywa³y w³aœciwoœci odpowia-
daj¹ce „starym” sk³adowiskom, w których wnêtrzu dominuj¹ procesy zwi¹zane z faz¹
metanogenn¹ rozk³adu odpadów. Stwierdzone w trakcie badañ stê¿enia metali ciê¿kich
(oprócz niektórych wartoœci charakterystycznych dla ¿elaza i chromu) mieœci³y siê w grani-
cach pozwalaj¹cych zarówno na odprowadzanie do kanalizacji, jak i do wód lub do ziemi.

Zmiany zawartoœci analizowanych metali ciê¿kich w wodach podziemnych i odcieko-
wych pozwalaj¹ przypuszczaæ, ¿e w kolejnych latach iloœæ wymywanych zanieczyszczeñ mo¿e
siê zwiêkszaæ. W zwi¹zku z tym konieczne jest kontynuowanie badañ, nawet w zakresie
szerszym od wymaganego przez przepisy dotycz¹ce monitoringu sk³adowisk.

S³owa kluczowe:  odpady komunalne, sk³adowanie, wody podziemne, wody odciekowe,
zanieczyszczenie, metale ciê¿kie.
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INTRODUCTION

Landfilling is the most popular method of waste treatment in Poland. In
2009 alone, the amount of municipal waste dumped grew by 7,859,000 tons
(Environment 2010), whereas its aggregate quantity in landfills is difficult to
estimate. Old and usually uninsulated landfills constitute a major source of
contaminants, which are leached by precipitation waters. As rainwater per-
colates through a landfill, suspended and dissolved components, waste de-
composition products and various microorganisms are leached. The composi-
tion of produced leachate depends on the diversity and composition of the
waste, degree of its decomposition, water content, type of environmental
management, etc. Depending on the amount of precipitation and the meth-
od of waste concentration, the resultant leachate can equal 10% up to 60%
of the annual precipitation (SZYC 2003). The time elapsing between rainfall
and production of leachate can be 1 to 2 months (BENDZ et al. 1997). Leach-
ate generated in the early phase of waste decomposition (acetogenesis) is
characterized by a high content of organic acids, which increases the solu-
bility of heavy metals. In the later phase (methanogenesis), leachate has
neutral to alkaline pH (organic acids are decomposed to methane and car-
bon dioxide), which limits the solubility and migration of metals to leachate.
Apart from the above properties, leachate can contain various other constit-
uents, such as pesticides, polycyclic aromatic hydrocarbons (PAHs) and chlo-
roorganic compounds (WILLIAMS 2002, ÖMAN, JUNESTEDT 2008, KULIKOWSKA 2009).
When unused or past sell-by date medications are disposed to municipal
waste containers, they are released into the environment. Studies have
shown the presence of steroids, vitamins and sulfonamides in leachate from
municipal landfills. Such substances as ibuprofen, naproxen, carbamazepine
penetrate into groundwater (EGGEN et al. 2010). It has not been verified
whether there is an indirect relationship between the content of such met-
als as nickel or cadmium and the toxicity of leachate. However, recurrence
of organic contamination has contributed to its elevated toxicity. In order to
remove the metaloorganic bonds of heavy metals, it is necessary to apply
complex physicochemical purification methods (ÇEÇEN, GÜRSOY 2000, OLIVERO-
-VERBEL et al. 2008). These methods are recommended particularly in the
case of leachate from long-exploited landfills, while leachate from “young”
objects may be purified by biological methods (WILLIAMS 2002, KOC-JURCZYK,
JURCZYK 2007, RENOU et al. 2008, KULIKOWSKA 2009).

The risk of heavy metal migration is linked to some other factors apart
from the pH of leachate. At landfills in the vicinity of Prague (one operating
and one closed), only arsenium, selenium and rubidium were found in the
dissolved and mobile form of leachate (MATURA et al. 2010). The other ana-
lyzed metals (iron, aluminum, nickel, chromium, zinc, copper and lead) part-
ly created inorganic colloidal bonds with carbonates or components of clay.
Between 20% to almost 100% of iron, aluminum and lead were bound in
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this form. The occurrence of colloidal heavy metal bonds restricts their mi-
gration to groundwater. Research conducted at three uninsulated and long
exploited landfills (Augsburg, Munich, Gallenbach) has shown that a change
in hydrochemical conditions (on the border between the bed of the landfill
and the area where groundwater is found) constitutes an effective barrier
which stops metals in a colloidal form and reduces their leaching from
a landfill (BAUMANN et al. 2006). Similar effects have been observed when
leachate contacts surface waters. In oxidating conditions, metals were im-
mobilized in carbonate and organic complexes (ETTLER et al. 2006). Given the
lack of any protection against leachate contacting groundwater, contaminants
spread over a distance ranging from dozens of meters to several kilometers
(WILLIAMS 2002).

The rules for monitoring the environment in the surroundings of differ-
ent types of landfills were specified in the Regulations of The Minister of
Environment of 9 December 2002, concerning the range, time, method and
conditions of monitoring landfill sites. The act defines the obligatory range
of assays for every element of the environment (groundwater, surface wa-
ter, leachate and landfill gas). Monitoring must take place from the moment
the location is selected (the pre-exploitation phase), throughout the whole
period of exploitation and for 30 years after the decision to close it down.

The purpose of this paper was to determine the contamination of leach-
ate and groundwater with heavy metals (manganese, iron, nickel, chromi-
um, zinc, copper, lead and cadmium) in the surroundings of the Maœlice
municipal landfill site in Wroc³aw.

MATERIAL AND METHODS

The object of this research was the municipal landfill site in Maœlice,
located in Kozia Street in the north-western part of Wroc³aw (Figure 1). It
was built in the late 1960s to fill up an excavation pit remaining after sand
deposits had been removed. In the first phase of its use, the waste was
deposited into the excavation pit without any prior insulation.

After the excavation area had been filled up, an aboveground part of the
landfill started to form. In the 1990s, the facility was expanded by building a
new, insulated section and a ground reservoir (from which leachate was
channeled) equipped with a monitoring system for the groundwater (a net-
work of piezometers) and a pair of car scales. The area of the “old” section
was ca 7 ha, while the area of the “new” section was ca 2 ha. The use of
the latter part began in 1994 and all dumped waste was directed there for
several years. When a deposit almost as high as the layer of waste in the
old section had been formed, the dumping of waste continued throughout
the whole available area, both in the insulated and uninsulated sections.
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The landfill functioned in this manner until the turn of 1999 and 2000.
Eventually, the heap of waste reached a height of 50 meters containing
nearly 2.4 million m3 of waste. Rehabilitation works included for example
stabilization of the waste body, installation of an outer cover and a screen
isolating groundwater, as well as a system for removal of gas from the land-
fill. In 2004, the reservoir for leachate was bulldozed.

The location of the landfill is advantageous, mainly because it is isolat-
ed from adjacent terrains. To the west, partly north and south, it is sur-
rounded by a fairly wide and ecologically varied stretch of woodland, which

Figure 1. The location of sample collection sites
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runs over to arable fields and meadows. Housing estates are about 800-1000
meters away from the facility. To the south of the landfill, the area is cov-
ered by allotments and industrial plants. Apart from these objects, the south-
eastern side of the landfill site is bordered by meadows with narrow belts of
shrubs, bushes and single trees. The Odra River flows 50-100 meters to the
east of the site.

In the base of the landfill there are tertiary and quaternary (Pleistocene
and Holocene) deposits. Tertiary deposits (clays, dusty clays, compact silty
clays; local dust and sandy dust) lie at an average depth of 4.0-6.0 meters
and they are 100-120 meters thick. Above them, there are quaternary de-
posits, which originate from the river (gravels, clay sand-gravel mixes and
sands) with silty sand lenses. The total thickness of quaternary deposits
ranges from 3.5 to 9.5 meters. One permanent aquifer has been found in
the deposits. Its whose water table near the landfill is at a depth of 3-5
meters. Groundwater flows away towards the Odra riverbed, where the na-
ture of drainage is in question (Figure 1).

The paper presents the results of analyses of the content of selected
heavy metals (manganese, iron, nickel, chromium, zinc, copper, lead and
cadmium) in groundwater (flowing to and away from the landfill) as well as
in leachate. The studies of the chemical composition of the groundwater
were carried out from 1995 to 2008; the studies of the leachate were fin-
ished in 2004, when the reservoir was bulldozed.

Research samples were taken 3 or 4 times a year. Leachate samples
were collected from the reservoir, and groundwater samples came from four
piezometers located on the sides of the inflow (2) and outflow (2) below the
landfill (Figure 1). Before groundwater samples were taken, the stagnant
water in the piezometer well was pumped out twice. The content of manga-
nese, iron, nickel, chromium, zinc, copper, lead and cadmium in the sam-
ples was determined by means of atomic emission spectrometry, with exci-
tation in inductively coupled plasma (ICP-AES). All the determinations were
made at the Centre for Environmental Quality Sciences, the Institute of
Soil Science and Environmental Protection at the Wroc³aw University of
Environmental and Life Sciences. The evaluation of significance of the dif-
ferences between groundwater and leachate from the landfill was made on
the basis of a one-way analysis of variance (test F) at the significance level
of p=0.05. Statistical analysis of the research results was carried out with
Statistica 9 software.

RESULTS AND DISCUSSION

Table 1 shows characteristic values (the average, standard deviation and
coefficient of variation) of concentrations of analyzed heavy metals in the
groundwater flowing to the landfill. The results show that from 1995 to
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2008, groundwater flowing into the landfill could not be classified as natu-
ral. Average values often exceeded the ranges acknowledged as geochemical
background, which proved the existence of a source (or sources) of contami-
nation already flowing out from the landfill. Although the scope of research
did not provide explicit identification of the cause of this phenomenon, the
low pH of the analyzed waters and high content of sulphates (SZYMAÑSKA-
-PULIKOWSKA 2009) in conjunction with higher than normal concentrations of
heavy metals may lead to a conclusion that biochemical oxidation of metal
sulfides occurs in this area. This results in a considerable decrease of the
pH and an increase in the heavy metal content of groundwater. Values
deemed natural were most significantly exceeded for the concentrations of
iron, manganese and nickel. The situation looked slightly better for lead
and cadmium. Compared to the levels specified in the Regulation of the
Minister of Environment of 23 July 2008 (on the criteria and methods of
assessment of groundwater conditions), the values shown in Table 1 indicate
severe contamination as well as high variability in the properties of water
flowing to the landfill at Maœlice.

Table 2 shows characteristic values (average, standard deviation, coeffi-
cient of variation) of the concentrations of selected heavy metals in water
leaching from the Maœlice municipal landfill (landfill leachate). The average
contents of the analyzed constituents in leachate from the Maœlice landfill
were relatively low. Compared to concentrations of a typical methanogenic
phase, the average values for the analyzed water were lower in the case of
iron, copper, zinc, cadmium and lead and similar for nickel. It was only the
average content of chromium that was markedly higher than the value re-
ported in the literature (WILLIAMS 2002). All the average values determined
for the leachate from the Maœlice landfill exceeded corresponding values ob-
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tained during analyses of twelve Swedish landfills exploited for a period of
several to 50 years (ÖMAN, JUNESTEDT 2008).

When compared with the results obtained for Polish landfills, the sam-
ples taken in Wroc³aw contained from 3- to 4-fold more chromium and cop-
per and about 30% more zinc. Cadmium was the only metal whose concen-
tration was three-fold lower than in the leachate from the Wysieka landfill,
which has been exploited for a few years (KULIKOWSKA, KLIMIUK 2008). Analy-
ses of leachate from old sections of another municipal landfill (MELLER et al.
2001) also revealed twice as much lead. The concentrations of zinc and cad-
mium were similar. Leachate from Maœlice, on the other hand, contained
markedly more manganese and iron (nine- and two-fold, respectively) and
approximately 25% more nickel.

The extreme variability of the results reported in the literature enable
us to conclude that inside the landfill at Maœlice the dominant phase is the
methanogenic one, when heavy metal concentrations in leachate decline.
Similar changes were also observed during research conducted at other land-
fills, where most contaminants leached from “old” waste were organic and
inorganic compounds. This poses a grave threat to the environment and yet
is often neglected while planning the scope of monitoring studies (KULIKOWSKA,
KLIMIUK 2008, ÖMAN, JUNESTEDT 2008, RENOU et al. 2008, SZYMAÑSKA-PULIKOWSKA

2008, 2008a).
The scale of heavy metal contamination of the analyzed leachate can

also be determined through a comparison of their concentration with the
levels detected in sewage discharged to sewage facilities or to surface water
or soil. Among standardized constituents, the average concentrations of nick-
el, chromium, zinc, copper, lead and cadmium fall into the range of values
that allow their channeling to both sewage facilities and surface water or
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soil. Iron was an exception because its content exceeded the level accepta-
ble for discharging untreated leachate to the environment.

Table 3 shows characteristic values (average, standard deviation, coeffi-
cient of variation) of concentrations of selected heavy metals in waters flow-
ing away below the Maœlice municipal landfill.
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The average heavy metal concentrations in water exposed to contact
with the uninsulated base of the landfill differed from the corresponding
values in water flowing to the facility. In most cases (manganese, chromi-
um, nickel, copper, lead and cadmium), the average concentrations were
significantly higher (even several-fold) due to the inflowing contaminants.
The increase is noticeable despite the presence of reducing conditions in the
landfill base, which encourage the precipitation of insoluble forms of the
analyzed elements (SZYMAÑSKA-PULIKOWSKA 2009). Compared to the water flow-
ing to the landfill, the water flowing away from the landfill contained on
average less of just two elements: iron and zinc. The data presented in
Table 3 also shows greater variability in the content of metals in outflowing
water than in water flowing to the landfill (except iron, chromium and zinc).
The water flowing away from the landfill must be classified as poor quality,
mainly due to high concentrations of manganese, iron, nickel and chromi-
um. The average heavy metal content in groundwater was even higher than
the corresponding values in leachate, which proves continuous inflow from
the uninsulated part of the landfill. Large accumulation of deposited waste
creates a risk of emitting large quantities of contaminants. However, re-
search conducted within the surroundings of small municipal landfills has
not revealed such bad contamination of groundwater. The values considered
natural can be exceeded only in isolated cases or for certain metals (STRUK-
-SOKO£OWSKA et al. 2005).
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Table 4 presents a range of concentrations (non-outlier values) of heavy
metals marked in groundwater flowing away below the landfill and in leach-
ate. Evaluation of the significance of differences between the average values
(presented in Tables 2 and 3) was made by means of one-dimensional analy-
sis of variance (test F) at the level of significance p=0.05. The measures of
positions presented in the chart illustrate a greater range of fluctuations of
the content of nearly all the analyzed constituents (except zinc) in the water
flowing away below the landfill. The values characterizing the leachate were
more balanced. Significant differences between the average concentrations
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of metals in the leachate and groundwater were only found for iron and
chromium. The research revealed maximum values of concentrations of se-
lected heavy metals (except for zinc and copper) in groundwater exposed to
the influence of the landfill, thus leaving no other option but to classify the
groundwater as the worst quality grade of ordinary groundwater. In the
case of leachate, maximum concentrations of iron and chromium prohibited
its discharge to the environment, whereas no values found in the research
have made it impossible to discharge it to sewage facilities. The ranges of
cadmium, lead and copper shown in Table 4 were similar to those found
during the studies on large, uninsulated landfills in Germany (Augsburg,
Munich, Gallenbach). Concentrations of chromium, iron, manganese and
nickel in the surroundings of the landfill at Maœlice were higher, and only
the amounts of zinc were lower than in analogous German facilities (BAU-
MANN et al. 2006).
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Figure 2 shows a comparison of average annual concentrations of man-
ganese, nickel, chromium and copper that occur in leachate and groundwa-
ter flowing away below the landfill, after its closure. From the year 2000 to
2003 (when it was possible to calculate the average values) leachate was
characterized by significantly lower contents of the above constituents. Both
in leachate and in the water flowing away below the landfill until 2003-2004,
a rise in the concentration of manganese, nickel and chromium was observ-
able as well as a persistently high copper content. Afterwards,  the concen-
trations of these metals declined, although in the successive years (2006-
2008) their content in groundwater rose again, which was probably caused
by the leaching of metals from the waste accumulated in the landfill in the
final years of exploitation.

The picture of changes in the properties of leachate occurring in time is
not always clear. Research conducted in the first eight years of exploitation
of the municipal landfill in Sianów has shown an increasing concentration of
heavy metals in leachate in the first 3 to 4 years of exploitation (SZYMAÑSKI

et al. 2007). Particularly high concentrations were found for zinc, iron, man-
ganese, copper, lead and nickel. The concentrations of chromium and cadmi-
um were considerably lower. During twelve years of research of leachate
from Dyer Boulevard Landfill (Florida, USA), it was observed that with time
the content of chromium and nickel was decreasing, while the concentra-
tions of iron and manganese were increasing. In other cases, many research
results indicated concentrations below detection levels (STATOM et al. 2004).
The occurrence of higher concentrations of some contaminants in ground-
water under the impact of the Maœlice landfill, after a short-lasting decline,
is a signal that the area requires constant monitoring, and the emission of
contamination may last for many years to come

CONCLUSIONS

1. The groundwater in the whole area surrounding the Maœlice munici-
pal landfill is of poor chemical quality. The persistent inflow of contami-
nants from the uninsulated section adds to its evident deterioration.

2. The analyzed leachate showed properties corresponding to “old” land-
fills, in which processes related to the methanogenic phase of waste decom-
position dominate. Concentrations of heavy metals found during the research
(except some values characteristic of iron and chromium) were within the
limits that allow discharging leachate to sewage facilities, surface water
or soil.

3. Changes in the concentration of the analyzed constituents in ground-
water and leachate which occur after a landfill is closed down suggest that
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the amount of leached contaminants will grow in the following years. That
is why it is necessary to continue research, even in a wider scope than
required by existing regulations concerning the monitoring of landfills:
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Abstract

Chamomile (Matricaria recutita L.) is one of the most important medicinal plant in
Europe. Phytotherapeutically useful are inflorescences – Anthodium chamomillae. Their
main biologically active compound is an essential oil. Among other active agents there are
polyphenols, carotenoids and ascorbic acid. The aim of the experiment was to compare flu-
oride content and biological value of four Polish chamomile cultivars: Promyk (2n), Mastar
(2n), Z³oty £an (4n) and Dukat (4n). The experiment was carried out in 2010 in Poland.
The chemical analyses included determination of the content of dry matter, total ash, total
nitrogen, total protein, crude fibre, nitrates V, total and reducing sugars, saccharose, total
chlorophyll, chlorophyll a and b, L-ascorbic acid, total carotenoids, total polyphenols, total
flavonoids, essential oil, titratable acidity, antioxidant activity and fluoride concentration. It
was proved that among the tested cultivars, the diploid cultivars of chamomile Promyk
and Mastar were characterized by high biological value. They contain high amounts of to-
tal polyphenols, total flavonoids, dry matter, total ash, total nitrogen, total protein, crude
fibre, total and reducing sugars and saccharose. However, the highest content of essential
oil and fluoride content  was determined in flower anthodia of the tetraploid cultivar
Dukat.

Key words: chamomile cultivars, essential oil, polyphenols, flavonoids, antioxidant activi-
ty, fluoride.
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ZAWARTOŒÆ FLUORKÓW I WARTOŒÆ BIOLOGICZNA KOSZYCZKÓW
WYBRANYCH ODMIAN RUMIANKU POSPOLITEGO (MATRICARIA RECUTITA L.)

Abstrakt

Rumianek pospolity (Matricaria recutita L.) jest jedn¹ z najwa¿niejszych roœlin leczni-
czych w Europie, której g³ównym surowcem farmakologicznym s¹ kwiatostany – koszyczki
(Anthodium chamomillae). Ich g³ównym biologicznie czynnym sk³adnikiem jest olejek ete-
ryczny, a ponadto polifenole, karotenoidy i kwas askorbinowy. Celem badañ by³o porówna-
nie wartoœci biologicznej oraz zawartoœci fluorków w koszyczkach czterech polskich odmian
rumianku: Promyk (2n), Mastar (2n), Z³oty £an (4n) i Dukat (4n). Analizy chemiczne obej-
mowa³y oznaczenie zawartoœci suchej masy, popio³u ogólnego, azotu ogólnego, bia³ka ogó-
³em, b³onnika surowego, azotanów V, cukrów ogó³em i redukuj¹cych, sacharozy, chlorofili
ogó³em, chlorofilu a i b, kwasu L-askorbinowego, karotenoidów ogó³em, polifenoli ogó³em,
flawonoidów ogó³em, olejku eterycznego. Oznaczono tak¿e kwasowoœæ ogóln¹, aktywnoœæ
antyoksydacyjn¹ oraz koncentracjê fluorków. Stwierdzono, ¿e spoœród badanych w doœwiad-
czeniu odmian wysok¹ wartoœci¹ biologiczn¹ odznacza³y siê diploidalne odmiany rumianku:
Promyk i Mastar. Wykazano w nich du¿¹ zawartoœæ polifenoli ogó³em, flawonoidów ogó³em,
a tak¿e suchej masy, popio³u ogólnego, azotu ogólnego, bia³ka ogó³em, b³onnika surowego,
cukrów ogó³em i redukuj¹cych oraz sacharozy. Natomiast istotnie najwiêksz¹ zawartoœæ olej-
ku eterycznego oraz fluorków stwierdzono w koszyczkach tetraploidalnej odmiany Dukat.

S³owa kluczowe: odmiany rumianku, olejek eteryczny, polifenole, flawonoidy, aktywnoœæ
antyoksydacyjna, fluorki.

INTRODUCTION

Chamomile (Matricaria recutita L., syn. Matricaria chamomilla L. or
Chamomilla recutita (L.) Rauschert, family Asteraceae) is one of the most
important medicinal plant native to southern and eastern Europe, and ad-
joining Asian countries (SINGH et al. 2011). It is cultivated in Poland on 650-
-750 ha (SEIDLER-£O¯YKOWSKA 2007)

The medicinal part of the plant is the flower (Matricariae flos) and the
medicinal substance is an essential oil (Aetheroleum chamomillae) (FP VIII,
2008). Over 120 constituents have been identified in chamomile (MCKAY, BLUM-
BERG 2006). Among its active agents we can find volatile and non-volatile
components (GOSZTOLA et al. 2006, SALAMON 2009). The flowers contain
0.24-1.9% essential oil, of which the main components are a-bisabolol, bisab-
olol oxides, (E)-β-farnesene, chamazulene, and en-yn-dicycloethers (ORAV et
al. 2001, RAAL et al. 2003, SALAMON 2009). Its blue colour is due to chamazu-
lene, a secondary product of hydrodistillation and it is a result of proazulene
(matricin) transformation (SVÁBNÉ 2000).

Among non-volatile components of chamomile flowers the most impor-
tant are flavonoids, coumarins and pectine-like mucilages (GOSZTOLA et al.
2006). Flavonoids exhibit strong antioxidant and free radical scavenging ac-
tivity, which also plays an important role in their anticarcinogenic effect



705

(ŠVEHLÍKOVÁ, REPÈÁK 2000). The most abundant chamomile flavonoid is api-
genin, localized only in the white ligulate florets of the anthodium (CARLE et
al. 1993). Besides flavonoids and other phenolic compounds, there are other
plant antioxidants, for example liposoluble carotenoids and tocopherols and
water soluble vitamin C (IVANOVA et al. 2005, CHRPOVÁ et al. 2010). Also, chlo-
rophylls exhibit significant antioxidant activity. Antioxidant activity of main
carotenoids and chlorophylls present in herbs decrease in the order: chloro-
phyll a > lutein > pheophytin a > chlorophyll b > β-carotene > pheophytin b
(SUZUKI, SHIOI 2003).

Over the last twenty years, much information has accumulated on the
role of fluoride in cellular respiratory processes and associated free radical
reactions (RZEUSKI et al. 1998). Fluoride is also known to be an inhibitor/
activator of numerous enzymes. Although the relationship in human fluoro-
sis between free radical generation, lipid peoxidation, and antioxidant sys-
tems has been investigated extensively, various studies have produced con-
flicting results (CHLUBEK 2003)

Chamomile is used as a component of herbal teas, single ingredient
herbal tea or tisane as well as a valuable ingredient of many galenic prepa-
rations (tinctures, extracts) (BÖTTCHER et al. 2001, MCKAY, BLUMBERG 2006). Both
the flowers and the essential oil have been reported to possess anti-inflam-
matory, antiseptic, antispasmodic, sedative and antiulcer properties (MERICLI

1990, SASHIDHARA et al. 2006, SALAMON 2009). They are used in the pharma-
ceutical, beverage and cosmetics industries (REDA et al. 2010).

The aim of the experiment was to compare fluoride content and biologi-
cal value of four cultivars of chamomile flowers.

MATERIAL AND METHODS

The experiment was carried out in 2010 at the Horticultural Experi-
ment Station in Do³uje, which belongs to the Department of Horticulture
of West Pomeranian University of Technology in Szczecin. The laboratory
part of the experiment was conducted in the Department of Biochemistry
and in the Laboratory of Storage and Processing (Department of Horticul-
ture) of West Pomeranian University of Technology in Szczecin. The re-
search material consisted of fresh flowers of chamomile (Matricaria
recutita L.) cultivars. Two diploid cultivars: Promyk and Mastar, and two
tetraploid cultivars: Z³oty £an and Dukat were tested.

The experiment was established in randomized blocks with four replica-
tions. The experimental plot area was 1.44 m2 (1.2 m × 1.2 m). The field
was prepared with agronomic techniques proper for chamomile cultivation
(MORDALSKI 2010). Mineral fertilization was quantified according to the re-
sults of chemical analysis of the soil. The seeds of chamomile were sown on
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6th April, at a distance of 40 cm between rows. During the growing season,
the crop management included mainly irrigation, weeding and soil cultiva-
tion.

The flower harvest was done at full-bloom stage, on 5th July. The chem-
ical analyses of raw plant material included determination of the content of
dry matter (drying at 105oC to constant weight), total ash (incineration of
samples in 500oC), total protein (using factor 6.25 for amount of nitrogen
determined by the method of Kjeldahl), crude fibre (KLEPACKA 1996), nitrates
V (by the colorimetric method, ZALEWSKI 1971), total and reducing sugars,
and saccharose (by the method of Luff-Schoorl), total chlorophyll, chloro-
phyll a and b (LICHTENTHALER, WELLBURN 1983), vitamin C as L-ascorbic acid
(by the method of Tillmans), titratable acidity (KRE£OWSKA-KU£AS 1993), total
carotenoids (LICHTENTHALER, WELLBURN 1983), total polyphenols – in a spectro-
photometer, using gallic acid as the reference and Folin-Ciocalteu reagent
(SINGLETON, ROSSI 1965). Scavening effect of chamomile flowers on the DPPH-
radical was determined according to the method of YEN and CHEN (1995).
Raw homogenised material was diluted 400 times in 100% methanol. DPPH
percent inhibition was calculated according to ROSSI et al. (2003). Some of
the raw plant material was dried in a through-flow laboratory dryer set at
35oC. The concentration of flavonoid compounds (using the spectrophoto-
metric method – FP VI, 2002) and essential oil content (with use of distilla-
tion of the sample together with water in Deryngs apparatus, FP VI, 2002)
were determined in the dried and pulverized material.

Fluoride content was assayed according to the method of SZYMCZAK and
GRAJETA (1982). Fluoride concentration was determined in the presence of
TISAB III buffer using the potentiometric method with an Orion Research
ion-selective electrode.

The results were statistically evaluated by the analysis of variance. Sig-
nificance of the differences was tested by Tukey’s test at p=0.05.

RESULTS AND DISCUSSION

Measurements of the content of chemical compounds of chamomile flow-
ers showed significant variation between the tested cultivars.

The highest content of dry matter was determined for cultivar Promyk
(23.80%), lower for Mastar (21.53%) and the least for Dukat and Z³oty £an
(lower on average by 4.28% in comparison with Promyk and by 2.01% com-
paring to Mastar) – Table 1.

According to BÖTTCHER et al. (2001), the dry matter content of chamo-
mile flowers varies between 18.5 and 23.5% according to the sowing date.

In the present experiment, the content of crude fibre, total ash, total
nitrogen and total protein were also determined (Table 1). The highest con-
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tent of crude fibre was noted for cv. Mastar, and lower for Z³oty £an, Pro-
myk and Dukat (on average by 0.41% in comparison with Mastar).

The cultivar Promyk was characterized by the highest content of total
ash, total nitrogen and total protein. Less total nitrogen and total protein
occurred in cv. Dukat and the lowest amounts of these nutrients were in cv.
Mastar and Z³oty £an. The cultivars Mastar and Z³oty £an were characte-
rized by a lower total ash content than Promyk. However, there were no
significant differences between Z³oty £an and Dukat, which had the lowest
total ash content.

The highest content of total sugars, reducing sugars and saccharose was
determined for cv. Mastar (Table 2). The cultivar Dukat was characterized
by a significantly lower content of total sugars and reducing sugars than cv.
Mastar (0.39 and 0.12% less, respectively). The lowest content of total sug-
ars was found in cv. Z³oty £an, and reducing sugars – in the cultivars Pro-
myk and Z³oty £an. In comparison with cv. Mastar, the cultivars Promyk,
Dukat and Z³oty £an were characterized by a significantly lower content
of saccharose.
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The yield of essential oil of Matricaria recutita depends on the plant
genotype as well as the environmental conditions under which the plants
are grown (LUTOMSKI, CZABAJSKA 1993, RAAL et al. 2003, SASHIDHARA et al. 2006,
SALAMON 2007). GRGESINA et al. (1995) compared the essential oil content in
different parts of chamomile plants (a diploid cultivar). The highest concen-
tration of this compound was determined for yellow florets (0.49%), lower
for flower heads (0.43%) and petals (0.28%) and the lowest for stems and
leaves (0.08%). In the opinion of BÖTTCHER et al. (2001), the essential oil
content of chamomile ranges from 0.56 up to 0.86 cm3 per 100 g dry drug
subject to the sowing date.

In the research by GOSZTOLA et al. (2006), the essential oil content dif-
fered significantly between examined chamomile populations, ranging from
0.2% (a wild type) up to 0.93% (a tetraploid cultivar). In our work, the high-
est content of essential oil (2.69 cm3 100 g–1 d.m.) was determined for the
tetraploid cultivar Dukat (Table 3). Less of this compound was determined
in cv. Z³oty £an (4n) and Promyk (2n). However, there were no significant
differences found between the cultivars Promyk and Mastar (2n), which con-
tained the least essential oil.
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Significantly more polyphenols were determined in the cultivars Pro-
myk and Mastar (Table 3). However, there were no significant differences
found between the cultivars Mastar, Z³oty £an and Dukat.

The content of total flavonoids determined in the experiment varied from
0.37 to 0.50% d.m. The cultivars Z³oty £an, Mastar and Promyk were char-
acterized by a significantly higher content of flavonoids. The lowest content
of flavonoids was determined in cv. Dukat. GRGESINA et al. (1995) found on
average 0.93% of flavonoids in chamomile flowers.

Several laboratories have examined the antioxidant potential of chamo-
mile. In the study of REKKA et al. (1996), chamazulene poorly interacted with
1.1-diphenyl-2-picrylhydrazyl (DPPH). BUØIÈOVA and RÉBLOVÁ (2008) determined
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the antioxidant activity of water and ethanol extracts of 17 medicinal plants
using the DPPH radical. Chamomile flowers had low antioxidant activity
comparing to the other species, lower than for example sweet balm, thyme,
oregano and mint herb, elder and nettle flowers. Contrary to this, MORAES-
DE-SOUZA et al. (2008), YOO et al. (2008), AL-ISMAIL and ABURJAI (2004), classi-
fied chamomile flowers as a plant with high or medium antioxidant activity.
In our study, the antioxidant activity of chamomile flowers reached on aver-
age 7.85% DPPH (moderate antioxidant activity) and there were no signifi-
cant differences between the tested cultivars. The antioxidant activity of
herbs and other plants mostly depends on the content of flavonoids, polyphe-
nols, L-ascorbic acid and carotenoids.

Moreover, the chamomile cultivars compared in the experiment did not
differ significantly in the content of L-ascorbic acid, total carotenoids, total
chlorophylls, chlorophyll a, chlorophyll b and titratable acidity, whose aver-
age values for the tested cultivars were, respectively: 39.72 mg 100 g–1 f.w.,
143.53 mg kg-1 f.w., 210.36 mg kg–1 f.w., 139.69 mg kg–1 f.w., 50.33 mg kg–1

f.w. and 0.035% citric acid f.w. (Tables 2, 4).
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Beside medicinal components, herbs also contain nitrates and nitrites,
which are well extractable and easily pass to water solutions (ÖZCAN, AKBU-
LUT 2007, GRZESZCZUK, JADCZAK 2008).

According to FIGURA and PLUTA (2006), the content of nitrates (V) in cham-
omile flowers is on average 598.06 mg NaNO3 kg–1 d.m. However, ÖZCAN

and AKBULUT (2007) did not detect any nitrates (III, V) in chamomile flowers.
The content of nitrates V determined in our experiment did not differ sig-
nificantly between the cultivars and reached on average 352.42 mg NaNO3
kg–1 f.w. (Table 2).

The highest fluoride content was determined in the cultivar Dukat,
where it equalled 5.39 mg F kg–1 d.m.  In comparison with cv. Dukat, the
cultivars Promyk, Mastar and Z³oty £an were characterized by significantly
less fluoride, ranging from 2.29 to 2.84 mg F kg–1 d.m. (Table 5).
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There are few studies on the fluoride content in herbal plants, but  EK-
MELI-ALTURFAN et. al. (2009) showed that the fluoride content in infusions from
chamomile and another herbal plants was 0.03 mg F dm–3. Similar findings
are reported by CHAN and KOH (1996)

CONCLUSIONS

1. Among chamomile cultivars compared in the experiment, cv. Promyk
and Mastar were characterized by higher biological value. Flower anthodia
of cv. Promyk contained significantly more dry matter, total ash, total nitro-
gen and total protein, while those of cv. Mastar were richer in crude fibre,
total and reducing sugars, and saccharose. Moreover, both cultivars were
characterized by a high content of total polyphenols and total flavonoids.

2. The highest content of the essential oil and fluoride was determined
in flower-heads of the cultivar Dukat.
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Abstract

Epilepsy is a common neurological disorder. It affects 50 million people worldwide, over
half of which are children. Many children who suffer from epilepsy are also affected by
metabolic disorders, characterized by obesity as well as intolerance and deficient transport
of glucose. Recently, many researchers have indicated chromium (+3) as an essential trace
mineral which probably plays an important role in metabolism of glucose and insulin. The-
re are no data about chromium alterations in the body of epileptic patients. The purpose
of this study was to find possible correlation between chromium (+3) concentration and
the glucose level in children with epilepsy. Material and methods: Twenty-three untreated
epileptic children with idiopathic generalized tonic-clonic seizures (9 girls and 14 boys) aged
13.4±2.7 years and 25 healthy children (sex-age-matched) served as a control were recru-
ited to this study. The chromium blood and serum concentrations were determined as well
as serum glucose level. Results: There were no statistically significant differences between
epileptic and healthy children in the mean chromium (+3) blood concentration as well as
according to sex in both analyzed groups of children. The mean serum chromium concen-
tration in epileptic children was significantly lower than in healthy subjects generally
(p<0.001), as well as in boys group (p<0.001) and girls (p<0.001). Although, the negative
statistically significant correlation between serum glucose and chromium concentrations
was found in epileptic children (p<0.01), we have not found so associations in whole blood
and in healthy children. Conclusions: Our research has shown that during epilepsy the
concentration of serum chromium was lower than in healthy subjects what was associated
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with glucose abnormalities. These preliminary results suggest that the detail research on
the chromium in epilepsy are necessary.

Key words: glucose, chromium, epilepsy, children.

CZY CHROM OBNI¯A POZIOM GLUKOZY WE KRWI DZIECI Z EPILEPSJ¥?

Abstrakt

Epilepsja stanowi jedn¹ z najczêstszych chorób neurologicznych. Ocenia siê, ¿e na ca-
³ym œwiecie choroba ta dotyka ponad 50 mln ludzi, z czego ponad po³owa to dzieci. Wielu
dzieciom z epilepsj¹, w czasie ich rozwoju, towarzyszy tak¿e zespó³ metaboliczny, którego
charakterystyczn¹ cech¹ s¹ oty³oœæ i zaburzony metabolizm glukozy.  W ostatnich latach
wielu badaczy zwróci³o uwagê na chrom (+3) jako niezbêdny pierwiastek, który prawdopo-
dobnie odpowiada za transport glukozy do tkanek przez stabilizowanie jej po³¹czeñ z insuli-
n¹. Rola chromu w tym aspekcie jest jednak wci¹¿ niejasna. Brak jest równie¿ danych
dotycz¹cych zawartoœci chromu w organizmach dzieci z padaczk¹. W zwi¹zku z powy¿szym
celem pracy by³a ocena zawartoœci chromu (+3) w surowicy i pe³nej krwi dzieci z padaczk¹
oraz próba skorelowania jego zawartoœci z poziomem glukozy we krwi tych dzieci w odnie-
sieniu do grupy kontrolnej. Badaniem objêto 23 dzieci ze œwie¿o rozpoznan¹ padaczk¹
(9 dziewcz¹t i 14 ch³opców) w wieku 13,4 ± 2,7 lat oraz 25 dzieci zdrowych odpowiadaj¹-
cych grupie badanej struktur¹ wieku i p³ci. U wszystkich dzieci zmierzono stê¿enie chromu
w surowicy krwi i pe³nej krwi oraz ocenie poddano stê¿enie glukozy we krwi. Wykazano
brak ró¿nic w zawartoœci chromu (+3) w pe³nej krwi, a tak¿e glukozy we krwi miêdzy
grup¹ dzieci z padaczk¹ a dzieæmi zdrowymi, podobnie brak ró¿nic w ocenie tych parame-
trów stwierdzono w odniesieniu do p³ci dzieci niezale¿nie od wystêpowania choroby. Wyka-
zano istotnie statystycznie ni¿szy poziom chromu w surowicy krwi dzieci z padaczk¹ w po-
równaniu z grup¹ kontroln¹ (p<0,001), jak te¿ w surowicy ch³opców i dziewcz¹t z padaczk¹
w porównaniu z ch³opcami i dziewczêtami zdrowymi (p<0,001). Równoczeœnie zanotowano
istotn¹ ujemn¹ zale¿noœæ miêdzy stê¿eniem chromu w surowicy krwi dzieci z padaczk¹ a stê-
¿eniem glukozy we krwi (p<0,01), przy czym nie zauwa¿ono podobnej zale¿noœci u dzieci
zdrowych. Badania sugeruj¹, i¿ istnieje mo¿liwoœæ zwi¹zku miêdzy poziomem chromu (+3)
u dzieci z padaczk¹ a notowanymi w literaturze zaburzeniami transportu glukozy. Wydaje
siê uzasadnione rozwijanie tego tematu badañ w dok³adniejszych pracach, które mog³yby
siê przyczyniæ do g³êbszego zrozumienia padaczki.

S³owa kluczowe: glukoza, chrom, padaczka, dzieci.

INTRODUCTION

Epilepsy is a common neurological disorder with the heterogeneous na-
ture, which affects 50 million people worldwide, over half of which are chil-
dren (VOLPE et al. 2007). In about 25% patients with epilepsy the number of
seizures is not greatly reduced even when two or three anti-epileptic drugs
are used. As suggested by some authors (VOLPE et al. 2007, BERTOLI et al.
2006, VIANNA et al. 2006), about 20 to 25% of patients administered the high-
est tolerated doses fail to control seizures.

More than 50% of epileptics are children. Metabolic disorders have fre-
quently been demonstrated in children with epilepsy together with growth



715

retardation (VOLPE et al. 2007) and intolerance and deficient transport
of glucose (VIANNA et al. 2006).

In the last years, it has been suggested that serum trace element con-
centrations in epileptic patients can show some abnormalities (HIRATE et al.
2002, VERROTTI et al. 2002, JOHNSON 2001, ASHRAF et al. 1995). Balance of
certain minerals is crucial for a healthy nervous system and neuronal sus-
ceptibility to excitability (HAMED et al. 2004). Several reports suggested that
electrolytes (sodium, potassium, calcium) and the level of some trace ele-
ments (zinc, copper, iron) in the body play an important role in development
of seizure condition (HAMED et al. 2004, DUDEK 2001, IKEDA 2001, PISACANE et
al. 1996, SMITH, BONE 1982).

As suggested by WALLACH (1985), the essential role of chromium in ani-
mal and human nutrition is now well accepted. Animal studies have shown
that chromium deficiency occurs in diabetic-like states, impaired growth,
elevated blood lipids, etc. In people, chromium deficiency has been demon-
strated clearly only in just one clinical situation: patients on total  parenter-
al nutrition without added Cr have been observed to have impaired glucose
tolerance, hyperglycemia, relative insulin resistance, peripheral neuropathy
and metabolic encephalopathy (WALLACH 1985, JEEJEEBHOY et al. 1977). The
latest research indicates that Cr supplementation can improve glucose me-
tabolism in glucose intolerance individuals, and Cr deficiency may be impor-
tant in diabetes mellitus for stabilization of the insulin/glucose complex (ALI

et al 2011). There are no data about chromium in epilepsy.
To sum up, the aim of this preliminary study was to assess chromium

concentrations in blood and serum, and the glucose serum level in epileptic
and healthy children.

MATERIAL AND METHODS

Twenty-three untreated epileptic children with idiopathic generalized tonic-
-clonic seizures (9 girls and 14 boys) aged 13.4±2.7 years and 25 healthy
children (sex-age-matched) as the control were recruited to this study. The
height and weight of all subjects (epileptic and healthy children) were with-
in the normal range of the percentile growth charts for age and sex of
children (between 50-75%, no overweight and obesity) (KUCZMARSKI et al. 2002).
The characteristics of both populations are presented in Table 1. The study
was approved by the Ethical Committee at the Poznan University of Medi-
cal Sciences. The parents of the patients and the healthy subjects were
under the care of the Department and Clinic of Children Neurology at the
Poznan University of Medical Sciences, and were informed about the study
in details. The blood samples used in this research were obtained from the
blood drawn for  normal analytical procedures in the clinic. From each sub-
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jects, after an overnight fast, 5 ml venous blood was collected to 2 PP tubes;
one tube from each subject was allowed to stay at  room temperature and
was centrifuged at 5000 rpm for 10 minutes, afterwards the serum was
stored frozen at –20oC until chromium analyses. The second tube with
a blood sample, mixed with heparin, was stored at –20oC until the chromi-
um analyses. The glucose concentration was measured immediately by the
colorimetric method using an Accu-Check Active glucometer (Roche).

The serum and blood concentrations of chromium were determined by
the Atomic Absorption Spectrometry method with a graphite furnace spec-
trometer (AAS-5, Zeiss), having diluted  the samples with de-ionized water
as required. The accuracy of the method was assessed by comparison with
the certified serum control (Human Serum, Merck).

There are no reference values for serum chromium concentrations.
The data are presented as arithmetic means ± standard deviation (SD)

and statistically significant differences were determined by t-test and Wil-
coxon test using Excel 2007 and Statistica ver. 7.0. Statistical significance
was defined as p<0.05.

RESULTS AND DISCUSSION

Childhood epilepsy is the most common neurological disorder in chil-
dren. More than 50% of the 50 millions of epileptic patients are children.
The metabolic syndrome is an aggregate of metabolic and cardiovascular
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abnormalities including obesity, impaired glucose tolerance, dyslipidemia, and
cardiovascular morbidity (GRUNDY et al. 2005). As suggested DANIELS et al.
(2009), children with epilepsy usually have a high rate of obesity at initial
presentation, as a consequence of metabolic abnormalities. In our study,
however, we did not observe body mass abnormalities in the children with
epilepsy, or different glucose concentrations (Table 2) compared to healthy
subjects (epileptic – 87 mg dL–1; healthy – 93 mg dL–1). On the other hand,
animal (LEE et al. 2011) as well as human studies (VIANNA et al. 2006) show
that glucose intolerance is common during epilepsy, especially in children,
and can be associated with the metabolic syndrome, which can result in
increased hippocampal pathology and more freuqnet seizures. In the last
years, it has been suggested that serum trace element concentrations in
epileptic patients can show some abnormalities (HIRATE et al. 2002, VERROTTI

et al. 2002, JOHNSON 2001, ASHRAF et al. 1995). Balance of certain minerals is
crucial for a healthy nervous system and neuronal susceptibility to excitabil-
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ity (HAMED et al. 2004). The micronutrient chromium is of interest as it can
potentially improve glucose tolerance by reducing insulin resistance (ALI et
al. 2011, KREJPCIO et al. 2007). There are no data about the role and concen-
tration of chromium in epilepsy. Table 2 shows the determined concentra-
tions of chromium in the blood and serum of epileptic and healthy children.
However, we did not observe significant differences between epileptic and
healthy children in the blood chromium concentration (~260 ng dL–1), where-
as the serum chromium level was significantly lower (p<0.001) in epileptic
total (~113 ng dL–1), girls (~116 ng dL–1), and boys (~111 ng dL–1) than in
healthy total (~181 ng dL–1), girls (~182 ng dL–1) and boys (~191 ng dL–1).
A significantly higher level of chromium in hair of epileptic male and female
patients in Pakistan compared to healthy subjects was described earlier by
ASHRAF et al. (1995). In Nigeria, NSONWU et al. (2005) obtained similar levels
of chromium (~250 ng dL–1 vs. ~265 ng dL–1, respectively) in type 2 diabet-
ics and non-diabetics.

The association between chromium and glucose in epileptic patients can
prove significant correlation between the glucose level and chromium concen-
tration in epileptic children (Figure 1), although not correlated in healthy
subjects. It has been suggested that chromium plays an important role not
only in diabetes mellitus but also in epilepsy. In conclusion, once the role
of chromium and other metals in epilepsy is clearly explained, it should help
us combat this disease more successfully and perhaps stop neural deficits
caused by the metabolic syndrome and other epilepsy associated dysfunctions.

Fig. 1. Correlation between the serum chromium level and blood glucose concentration
in epileptic children
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Abstract

Tarragon is a spice but also used for medicinal purposes. In Poland, tarragon plants
are grown on plantations to produce herbage used as raw material. The aim of the study
was to evaluate the yield of tarragon grown from seedlings in south-eastern Poland and to
assess the content of minerals and essential oils in raw material. The experiment was es-
tablished using seedlings produced in a greenhouse and planted at 30 x 40 cm spacing.
The essential oil content in ground herbs was determined in a Deryng apparatus accor-
ding to a method defined in Pharmacopoeia. Qualitative and quantitative composition of es-
sential oils was characterized by means of gas chromatography coupled with the mass spec-
trometry (GC/MS) technique. Ground herb underwent determinations of total nitrogen,
ammonia, nitrates, phosphorus, potassium, calcium, magnesium and sulfur. The level of
atmospheric precipitation considerably affected the height of tarragon plants and fresh herb
yields. Total nitrogen and potassium were dominant elements in tarragon herb (32.0 g kg–1

d.m. and 28.8 g kg–1 d.m., respectively). The content of essential oils in herb ranged from
0.75 to 0.95%. Presence of 35 compounds, including two unidentifiable ones, was detected
in the essential oil. Most of the identified compounds were monoterpenes. The following
substances dominated in the essential oil: elemicin (56.0%), sabinene (20.9%), methyleuge-
nol (6.2%), and E-asarone (6.2%). These compounds belong to different chemical classes.

Key words: tarragon, yield, oil, elemicine, sabinene, macroelements.
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SK£AD OLEJKU ETERYCZNEGO ORAZ ZAWARTOŒÆ MAKROSK£ADNIKÓW
W ZIELU BYLICY ESTRAGON (ARTEMISIA DRACUNCULUS L.)

UPRAWIANEJ W PO£UDNIOWO-WSCHODNIEJ POLSCE

Abstrakt

Bylica estragon jest roœlin¹ przyprawow¹ oraz wykorzystywan¹ w celach leczniczych.
Surowcem jest ziele pozyskiwane w naszym kraju z upraw. Celem badañ by³a ocena plono-
wania bylicy estragon uprawianej z rozsady w po³udniowo-wschodniej Polsce oraz ocena
zawartoœci sk³adników mineralnych i zawartoœci olejku w surowcu. Doœwiadczenie za³o¿o-
no z rozsady wyprodukowanej w szklarni, któr¹ posadzono w rozstawie 30 x 40 cm. Za-
wartoœæ olejku eterycznego w zielu otartym oznaczono w aparacie Derynga wg metody far-
makopealnej. Sk³ad jakoœciowy i iloœciowy olejku eterycznego wyznaczono metod¹
chromatografii gazowej i spektrometrii masowej (GC/MS). W zielu otartym oznaczono za-
wartoœæ azotu ogó³em, azotu amonowego, azotanów, fosforu, potasu, wapnia, magnezu i siar-
ki. Wielkoœæ opadów atmosferycznych mia³a istotny wp³yw na wysokoœæ roœlin bylicy estra-
gon oraz plon œwie¿ego ziela. W zielu estragonu stwierdzono najwiêksz¹ zawartoœæ azotu
ogó³em (3.20% d.m.) oraz potasu (2.88% d.m.). Zawartoœæ olejku eterycznego w zielu waha-
³a siê od 0.75 do 0.95%. Stwierdzono obecnoœæ 35 zwi¹zków w olejku eterycznym, z któ-
rych dwa nie zosta³y zidentyfikowane. Wiêksza liczba zwi¹zków to monoterpeny. G³ówny-
mi zwi¹zkami olejku estragonowego by³y: elemicin (56.0%), sabinen (20.9%), methyleugenol
(6.2%) i E-asarone (6.2%). Zwi¹zki te nale¿¹ do ró¿nych grup chemicznych.

S³owa kluczowe: bylica estragon, plon, olejek, elemicin, sabinen, makroelementy.

INTRODUCTION

Over 800 plant species worldwide belong to Artemisia sp. genus
(JUDÞENTIENË, BUZELYTË 2006). Tarragon (Artemisia dracunculus L.) can be
found in natural habitats in central and northern Russia, in Siberia and
North America (LAMER-ZARAWSKA et al. 2007, BALCEREK, MODNICKI 2008). Tarra-
gon (Dracunculi herba) herbage is raw material. Owing to its aroma and
taste, the herb is a popular spice (BALCEREK, MODNICKI 2008). JADCZAK and
GRZESZCZUK (2008) recommend tarragon for direct consumption as an abun-
dant source of minerals. Tarragon herbage can be also frozen (GRZESZCZUK,
JADCZAK 2008). Medicinal properties of tarragon are well-recognized. Tarra-
gon stimulates bile secretion, intensifies gastric acid production and stimu-
lates digestion. Therefore, tarragon is recommended to patients, particular-
ly children and elderly persons, who suffer from gastritis (LAMER-ZARAWSKA et
al. 2007). Tarragon is grown on many continents, including Europe (LAMER-
-ZARAWSKA et al. 2007,  BALCEREK,  MODNICKI 2008).

Yields of herbal plants as well as the content of biologically active sub-
stances and minerals depend on many factors. The aim of the study was to
assess the yielding of tarragon grown from seedlings in south-eastern Po-
land and to determine the content of minerals and essential oils in raw
material. The qualitative and quantitative composition of essential oils from
tarragon herbage was also determined.
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MATERIALS AND METHODS

The experiments on tarragon were carried out in 2005-2006 at the Ex-
perimental Farm of the University of Life Sciences in Lublin (51o14’N
22o34’E). Seeds were purchased from the PNOS, O¿arów Mazowiecki. The
seedlings were produced in a greenhouse. Seeds were sown in mid-March
into boxes filled with peat substrate. After two weeks, seedlings were trans-
ferred into multi-cell pots. At the end of May, they  were transplanted onto
a field at 30 x 40 cm spacing. The plot area was 2.4 m2. The experiment
was set up in a randomized block design with replicates. During the vegeta-
tive season, the plantation was manually weeded twice and soil in the inter-
spaces was loosened. The height of plants was determined before  herbage
harvest on 20 randomly selected plants. Herbage was cut at the beginning
of flowering, i.e. at the end of August. Fresh herbage was weighed after the
harvest, while the weight of air-dry and ground herbage was determined
after drying under natural conditions. The content of essential oils was de-
termined in dried material according to a method specified in the Pharma-
copoeia (Polish Pharmacopoeia VI 2002).

The qualitative and quantitative composition of essential oils was char-
acterized by means of gas chromatography coupled with the mass spectrom-
etry (GC/MS) technique. Analyses were performed applying an ITS-40 device
(GC/ITMS system by Finnigan MAT, USA) with a DB-5 column (J&W, USA)
of 30 m length, 025 mm diameter, and 0.25 mm stationary phase film thick-
ness. The injector temperature was 280oC, whereas the temperature gradi-
ent was 35oC for 2 minutes, afterwards raised by 4oC up to 280oC.

The qualitative analysis was made on the basis of MS spectra by com-
paring them with the NIST library (62 thousand spectra) and LIBR terpene
library (TR) provided by Finnigan MAT. Identities of the recorded compounds
were confirmed by retention indices from literature (ADAMS  2001).

Chemical analyses of ground tarragon herbage were performed in 2%
acetic acid extracts by means of a versatile method according to NOWOSIELSKI

(1988). Mineral nitrogen was determined by Bremner’s method with Starck’s
modifications; total nitrogen was determined by Kjeldahl’s method; phospho-
rus was assessed using ammonium metavanadate; sulfur was tested colori-
metrically (Nicolet Evolution 300 spectrophotometer) using BaCl2. Potassi-
um, calcium and magnesium were determined by the AAS technique (Analyst
300 Perkin Elmer) after digesting the herbage at 550oC and dissolving the
ash in diluted hydrochloric acid (1:2, v/v).

The results were statistically processed applying variance analysis for
single classification at the significance level of α=0.05.
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RESULTS AND DISCUSSION

The data presented in Table 1 indicate that thermal conditions in 2005-
-2006 favored the growth and development of tarragon plants. The mean air
temperatures in May, June and August were similar to the average multi-
annual ones. In July, the mean air temperature was slightly higher than
the multi-year average.
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In 2005, total precipitation from May until July was higher than in 2006
and considerably different from the multi-year average. Lack of rainfalls in
mid-June and at the beginning and in mid-July 2006 could have affected the
height of tarragon harvested at the end of August. The study revealed that
the plants were significantly higher in 2005, when more intensive rainfalls
were recorded (Table 2). The mean tarragon height reached 86.69 cm, which
was similar to heights reported in literature (MARTYNIAK-PRZYBYSZEWSKA,  WO-
JCIECHOWSKI 2004, MARTYNIAK-PRZYBYSZEWSKA 2005).

Substantially higher yield of raw tarragon herbage was recorded in 2005
(Table 2), owing to higher precipitation from May to July in 2005 than
in 2006 (Table 1). The yield of air-dry herbage was also remarkably higher
in 2005 (Table 2). However, no significant differences in ground tarragon
herbage yield were found.

The share of ground tarragon herbage in air-dry herbage was 29.27%,
i.e. stems that are discarded while grinding the material made up over 70%
(Table 2). A lower share of ground in air-dry herbage was recorded in 2005
(26.20%) than in 2006 (32.34%).
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Significant differences in the content of essential oils in tarragon plants
between the years were found (Table 2). More oils were determined in
ground tarragon herb in 2006 than in 2005 (0.95% and 0.75%, respectively).
LOPEZ-LUTZ et al. (2008) determined half of that amount of essential oils, i.e.
0.4%.

Thirty-five compounds, including two unidentifiable ones, were found in
tarragon essential oils (Table 3). Substances from the phenylpropanoid class
made up 62.2%. Studies by LOPEZ-LUTZ et al. (2008) revealed that the per-
centage of phenylpropanoid compounds was slightly lower, i.e.  52.2%. Ter-
penes dominated in oils of other species from Artemisia sp. (AKROUT et al.
2003, BARAZANDEH 2003,  CHALCHAT et al. 2003, HAIDER et al. 2003, SHAFI et al.
2004, MORTEZA-SEMNANI, AKBARZADEH 2005, VILJOEN et al. 2005, JUDÞENTIENË, BUZE-
LYTË 2006, KAZEMI, AKHAVANI 2009). The following substances prevailed in the
tarragon essential oil: elemicine (56.0%), sabinene (20.9%), methyleugenol
(6.2%) and E-asarone (6.2%). A similar content of elemicine (53.0%) was found
by PINO et al. (1996). According to KOWALSKI et al. (2007), the elemicine con-
centration was lower (48.78%) and so was that of sabinene (18.88%). ARAB-
HOSSEINI et al. (2006) reported sabinene, elemicine and methyleugonol to be
the main components of tarragon essential oils. According to these authors,
the sabinene and methyleugenol content was higher than in our experi-
ment, i.e.  39.4% and 14.7%, respectively, although the level of elemicine
was lower (16.0%). Methyleugenol also dominated in tarragon essential oils
studied by LOPEZ-LUTZ et al. (2008), and its content was 35.8%.

Our analysis of the chemical composition revealed that the mean con-
tent of total nitrogen in tarragon herbage was  32.0 g kg–1 d.m. (Table 4).
The average level of ammonia nitrogen in the same material was 1.41 g kg–1

d.m. The tarragon herbage harvested in 2006 contained more total nitrogen
but less ammonia. Nitrates were absent in tarragon herbs.
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The mean concentration of phosphorus in tarragon herbage was
3.47 g kg–1 d.m. Significantly more phosphorus was determined in 2006 (4.3 g
kg–1 d.m.), a year characterized by less precipitation than 2005 (2.65 g kg–1

d.m.).
Tarragon herbage accumulated large amounts of potassium. The level of

this element was considerably different in particular years of the experi-
ment. More potassium was recorded in 2005 (29.6 g kg–1 d.m.) than in 2006
(28.1 g kg–1 d.m.).

No substantial differences in calcium, magnesium and sulfur concentra-
tions in tarragon herbage between the particular years were reported. The
mean content of calcium was 11.47 g kg–1 d.m., while that of magnesium
was 1.1 g kg–1 d.m. The sulfur concentration in tarragon herbage reached
0.21% d.m. JADCZAK and GRZESZCZUK (2008) reported high contents of minerals
in tarragon grown for direct consumption.
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Other authors (ÖZCAN 2004, ÖZCAN, AKBULUT 2007) report that concentra-
tions of potassium and calcium in herbal plant species were on similar lev-
els as in the present experiment. The levels of magnesium and phosphorus
found in our experiment were lower than those recorded by the above au-
thors.

CONCLUSIONS

1. Atmospheric precipitation had a significant influence on the height
of tarragon plants. In 2005, tarragon plants were higher. Also, fresh herbage
and air-dry yields were superior owing to more rainfall.

2. Significantly more essential oils, total nitrogen and phosphorus were
determined in tarragon herbage in 2006.

3. The phenylpropanoid substances prevailed in the essential oil. Elem-
icin, sabinene, methyleugenol and E-asarone dominated in tarragon essen-
tial oil.
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11. Redakcja zastrzega sobie prawo dokonania poprawek i skrótów. Wszelkie zasadnicze
zmiany tekstu bêd¹ uzgadniane z Autorami.

12. Po recenzji Autor zobowi¹zany jest nanieœæ poprawki w systemie elektronicznym
J. Elem.
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