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ORIGINAL PAPERS

AVAILABLE FORMS OF NUTRIENTS
IN SOIL FERTILIZED WITH LIQUID

MANURE AND NPK

Wies³aw Bednarek1, S³awomir Dresler2,
Przemys³aw Tkaczyk3, Agnieszka Hanaka2

1Chairt 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

Abstract

The aim of the experiment, conducted from 1973 to 1999, was to determine the effect
of long-term fertilization with liquid manure (annual and biennial) and with mineral ferti-
lizers on selected physicochemical and chemical properties of soil, i.e., the content of pho-
sphorus, potassium, magnesium, sulphate sulphur, iron, manganese, pHKCl and organic car-
bon. Fertilization with liquid manure was observed to have resulted in a significant
reduction in the content of soil-available phosphorus in comparison to fertilization with
NPK. Fertilization with both liquid manure and NPK led to a significant increase in the
content of available potassium and magnesium in the soil profile. The highest amounts of
S-SO4 were reported from the topsoil layer, irrespective of the type of fertilizer applied.
Fertilization with liquid manure and NPK caused an irregular rise in the content of iron
soluble in 1 M HCl in the soil, whereas the content of manganese increased slightly and
irregularly in response to the fertilization applied. A negligible rise in pHKCl of the topsoil
layer was observed at annual application of increasing doses of liquid manure. It was re-
ported that fertilization with liquid manure led to a steady rise in the organic carbon con-
tent in the soil profile.

Key words: liquid manure; natural fertilizers; soil properties; long-term fertilization.
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PRZYSWAJALNE FORMY SK£ADNIKÓW POKARMOWYCH
W GLEBIE NAWO¯ONEJ GNOJOWIC¥ I NPK

Abstrakt

Celem eksperymentu prowadzonego w latach 1973-1999 by³o okreœlenie wp³ywu wie-
loletniego nawo¿enia gnojowic¹, co rok i co dwa lata, oraz nawozami mineralnymi na wy-
brane w³aœciwoœci fizykochemiczne i chemiczne gleby, tj. zawartoœæ fosforu, potasu, magne-
zu, siarki siarczanowej, ¿elaza, manganu, pHKCl i wêgla organicznego. Stwierdzono, ¿e
nawo¿enie gnojowic¹, szczególnie stosowan¹ co rok, spowodowa³o istotne zmniejszenie za-
wartoœci fosforu przyswajalnego w glebie, w porównaniu z nawo¿eniem NPK. Natomiast
zastosowanie nawo¿enia gnojowic¹, a tak¿e nawo¿enia mineralnego, przyczyni³o siê do istot-
nego przyrostu zawartoœci potasu, o najwiêkszej koncentracji K w dwóch najg³êbszych ba-
danych warstwach. Zastosowanie zarówno nawo¿enia gnojowic¹, jak i NPK przyczyni³o siê
do istotnego przyrostu zawartoœci magnezu przyswajalnego w profilu glebowym, szczegól-
nie w dwóch (NPK) lub trzech (gnojowica) warstwach. Stosunkowo najwiêcej S-SO4 by³o
w warstwie ornej, niezale¿nie od rodzaju nawo¿enia. Nawo¿enie gnojowic¹ i NPK spowo-
dowa³o nieregularny przyrost zawartoœci ¿elaza rozpuszczalnego w 1 mol HCl w glebie, po-
cz¹wszy od warstwy 26-50 cm, zaœ zawartoœæ manganu przyrasta³a nieznacznie i nieregu-
larnie pod wp³ywem zastosowanego nawo¿enia. Zaobserwowano nieznaczny wzrost pHKCl
warstwy ornej gleby pod wp³ywem corocznego stosowania wzrastaj¹cych dawek gnojowicy.
Stwierdzono, ¿e nawo¿enie gnojowic¹ spowodowa³o systematyczne zwiêkszenie zawartoœci
wêgla organicznego w profilu glebowym, szczególnie w dwóch warstwach: 0-25 cm i 26-
-50 cm.

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

INTRODUCTION

Liquid manure is a natural fertilizer composed of faeces and urine
of livestock, usually with addition of a small amount of water. It is produced
in litter-free breeding houses. Its fertilizing value and chemical composition
depend on the animal species and age, feeding system, direction of use and
production of animals, dilution with water and the storage system (BOROWIEC

1986, MAÆKOWIAK 2000, MAZUR et al. 1998, MURZYÑSKI 1998, POTARZYCKI 2000).
An annual dose of liquid manure (and other fertilizers) should not exceed
the amount corresponding to 170 kg ha–1 N. Fertilization with liquid ma-
nure should ensure optimal use of components that would be adjusted to
nutrient demands of plants in order to prevent contamination of the envi-
ronment, particularly with nitrogen and phosphorus. The best results are
obtained by application of liquid manure and mineral fertilizers in combina-
tion (BOROWIEC, MAGIERSKI 1980/1981, MAZUR, S¥DEJ 2002, MAZUR et al. 1998).
Locally, fertilization with liquid manure may pose certain problems related
to its effect on the environment; therefore, it is essential to recognise the
influence of this important element of the environment on soil properties
on the basis of long-term experiments (MAÆKOWIAK 2000, MURZYÑSKI 1998).
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The aim of the study was to determine the effect of long-term fertiliza-
tion with liquid manure and mineral fertilizers on some physicochemical
and chemical soil properties.

MATERIAL AND METHODS

The present report is based on the results of chemical analyses of soil
samples obtained in the experiment conducted by MAÆKOWIAK (2000) in spring
2002 and used in this study with the author’s consent. The experiment was
performed on fenced 1 m2 plots located in the vicinity of a vegetation hall
at the IUNG Institute of Soil Science and Plant Cultivation, Pu³awy, Po-
land. The plots were filled with soil to the level of 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. In
the 0-25 cm layer only, the soil was mixed with low clay, humic, sandy loam
(the 2:1 ratio) sampled from the topsoil of an arable field at the Experimen-
tal Station of the IUNG in Sad³owice, Poland. The concentrations of the
available components in the topsoil were 2.09 mg kg–1 P and 6.47 mg kg–1

K; pHKCl – 5.6; the content of humus was 1.06%.
Liquid cattle manure was applied annually at the doses of 25, 50, 100

and 200 m3 ha–1 and biennially at double doses. Liquid manure in the above
doses was applied in 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 1995, 31.4 kg ha–1 of phosphorus fertilizers were applied to the
treatments with 25, 50 and 100 m3 doses of liquid manure. Also, all the
treatments with liquid manure were supplemented with 99.6 kg ha–1 of po-
tassium fertilizers. In 1998 and 1999, mineral fertilization was applied in
the whole experiment at equal doses of 120 kg ha–1 N, 31.4 kg ha–1 P and
99.6 kg ha–1 K.

In order to compare the liquid manure and mineral fertilizers, the ex-
periment included only four treatments fertilized with NPK in the form of
mineral fertilizers at a dose approximately corresponding to half the dose of
each of these components introduced into the soil in the respective treat-
ments where liquid manure was applied annually. The doses were: 50, 100,
200 and 400 kg ha–1 N; 10.9; 21.8; 43.6 and 87.2 kg ha–1 P; and 41.5; 83;
166 and 332 kg ha–1 K. Nitrogen was applied as ammonium nitrate, phos-
phorus as granular single superphosphate, and potassium as 60% potassium
salt. In 1973-1989, the 1NPK treatment was supplemented with 850 kg N,
185.3 kg P and 705.5 kg K, which was equivalent to the dose of 25 m3 ha–1
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of liquid manure. In 1987, the designed nitrogen and potassium doses were
reduced by 50% in treatments 3NPK and 4NPK, and the phosphorus dose
was decreased by 50% in the 4NPK treatment. In the two successive years,
the original nitrogen and phosphorus doses in treatment 3NPK were re-
duced by 25% and the dose of potassium by 50%; in treatment 4NPK, the
doses of nitrogen and phosphorus were lowered by 50%, and that of potassi-
um by 70%. This change was necessitated by the lower crop yield resulting
from poorer germination rates and plant density per unit area. Signs of
potassium and, to a lesser extent, phosphorus excess were observed on the
growing plants. Mineral fertilizers in the re-adjusted doses were applied
throughout the experimental period until 1999. In 1990 and 1991, the doses
were as follows: N – 50, 100, 150 and 200 kg ha–1; P – 10.9; 21.8; 32.7 and
43.6 kg; and K – 41.5; 62.3; 83 and 103.8 kg ha–1. In 1993-1994 and in 1997,
the application of phosphorus and potassium fertilizers was discontinued due
to the observed symptoms of excess of the two elements.

The chemical analyses were performed in an accredited laboratory at
the Regional Chemical and Agricultural Station, Lublin, Poland, with the
following methods: available P and K – with Egner-Riehm method; available
Mg – according to Schatschabel method after extraction of 0.0125 mol dm–3

CaCl2 from the soil; the content of humus – according to Tiurin method; Fe
and Mn soluble in 1 M HCl dm–3 – with the ASA method; S-SO4 – with the
nephelometric method according to Bardsley-Lancaster; and pH was assessed
in 1 mol KCl dm–3 (A catalogue of methods... 2007). Statistical analyses
were employed such as variance analysis with Tukey’s confidence semi-in-
tervals (α=0.05).

RESULTS AND DISCUSSION

The pHKCl of the topsoil layer (0-25 cm) increased slightly in response
to the annual application of increasing doses of liquid manure from 5.2 (25 m3

ha–1) to 5.7 (200 m3 ha–1) – Table 1. This increase was more pronounced in
the deeper soil layers, particularly at 26-50 and 51-75 cm. The biennial ap-
plication of double doses of this fertilizer did not change the pH of the top-
soil, which remained at the level 5.4-5.5. In deeper layers, particularly at
51-75 and 76-100 cm, there was a remarkable increase in pH. Application of
liquid manure changed the soil reaction from acid (0-25 cm) to slightly acid
(26-50 cm) and neutral in the deeper layers (or even alkaline in the 51-
-75 cm layer of the soil fertilized biennially with liquid manure). Application
of increasing NPK doses contributed to slight acidification of the soil, partic-
ularly in the 0-25 and 26-50 cm layers (Table 1). Irrespective of the type of
fertilization – organic or mineral – an increase in the pHKCl in the soil
profile was reported, which was particularly evident to the depth of 51-75 cm.
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It was apparently caused by leaching of alkaline compounds (mainly calcium
and magnesium), primarily from the 0-25 cm layer. BOROWIEC (1986) observed
an increase in pH in the successive layers of the soil profile induced by
increasing doses of liquid manure as well as by mineral fertilization. POTARZY-
CKI (2000) and MAZUR et al. (1998) found a slight rise in pHKCl caused by
increasing doses of liquid manure; a similar finding was reported by
MURZYÑSKI (1998). An increase in pH resulting from manure application was
also found by CANDEMIRA and GLSERA (2011), whereas SILVA et al. (2009) showed
a pH increase upon application of liquid dairy manure and a fall in pH
following mineral fertilization.

It was found that fertilization (annual and biennial) with liquid manure
led to a steady increase in the content of organic carbon in the soil profile,
particularly in the 0-25 cm layer, and a slightly smaller rise in the 26-50 cm
layer (Table 1). Mineral fertilization did not act as clearly as liquid manure,
but also in this case the highest Corg. content was observed in the two top
layers of the soil (0-25 and 26-50 cm; Table 1). A similar phenomenon was
reported in other investigations (BOROWIEC 1986, MAZUR, S¥DEJ 2002, MAZUR et
al. 1998, MURZYÑSKI 1998, POTARZYCKI 2000). The decline in the content of
organic C after 20 years of the NPK treatment amounted to approximately
10%, whereas the increase in the organic C concentration after 20 years of
the application of cattle manure at the rate of 320 Mg ha–1 y–1 reached 30%
(AOYAMA, KUMAKURA 2001). The soil total organic carbon measured in black
soil by HAN et al. (2006) decreased by 6.5% over 18 years in control and by
5.6% in recycled organic manure treatment.

The annual and biennial fertilization with liquid manure and mineral
compounds resulted in a significant increase in the content of available phos-
phorus, predominantly in the 0-25 and 26-50 cm layers (Table 2). It was
found that fertilization with liquid manure, particularly applied every year,
produced a significant decline in the phosphorus content in the soil profile;
a reverse phenomenon was observed as a result of the NPK fertilization
(particularly at the depth of 26-100 cm). In long-term fertilization with liquid
manure and chemical fertilizers, the content of available P increased in the
0 to 20 cm soil layer (YANGA et al. 2011). Application of high doses of liquid
manure, particularly to acid and light soils, did not prove to contribute to
the transfer (leaching) of phosphorus down into the soil profile. Ssimilar
observations were reported by BOROWIEC (1986), MURZYÑSKI (1998) and POTARZY-
CKI (2000). The study of EBELING et al. (2003) concerning the impact of vari-
ous sources of phosphorus on its availability in soil demonstrated that P
availability changed depending on the type of organic-mineral fertilization
applied.

Application of increasing doses of liquid manure and NPK resulted in
a significant rise in the content of available potassium (Table 2). Simultane-
ously, regardless of the type of the fertilization used – organic or mineral -
the highest K concentration was observed in the 51-75 cm soil layer, being
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slightly lower in the 76-100 cm layer, which implies relatively easy leaching
of this element from the topsoil, particularly in light and acid soils. Such
behaviour of K was not clearly confirmed by BOROWIEC (1986) or MURZYÑSKI

(1998), who claim that the content of available potassium forms in soil of
the control plot and in the plot that had been steadily fertilized with liquid
manure for 20 years did not differ significantly, and that the content was
the highest in the 0-20 cm layer.

Annual or biennial fertilization with liquid manure as well as mineral
fertilizer application contributed to a significant rise in the content of avail-
able magnesium in the soil profile, particularly in two (NPK) or three (liq-
uid manure) layers (Table 3). This implies that Mg easily travels downward
through this soil profile. In his study, BOROWIEC (1986) did not observe this
phenomenon, and MURZYÑSKI (1998) reported that the highest increase in the
content of available magnesium occurred in the 0-20 cm layer. The treat-
ment with liquid dairy manure led to an increase in exchangeable Mg2+

levels to the depth of 30 cm, but the mineral fertilizer caused an increase
from 30 cm downwards (SILVA et al. 2009).

The impact of fertilization with liquid manure and NPK on the content
of sulphate sulphur in soil does not demonstrate such a clear tendency as in
the case of the elements discussed above (Table 3). The topsoil layer con-
tained the highest amounts of this S form, whose concentration tended to
rise as this element leached into the deeper soil profile levels.

Application of liquid manure and mineral fertilizers also resulted in an
increase (although irregular) in the content of iron soluble in 1 M HCl in
soil (Table 4). A significant increase in the amount of this element was ob-
served in the profile from the 26-50 cm layer downwards. YE et al. (2006)
showed that Fe availability might be increased by allowing manure to de-
compose in soil.

The content of manganese soluble in 1 M HCl in the soil profile in-
creased slightly and irregularly as a result of the fertilization used (Table 4).
The highest content of this element was observed in the topsoil layer.
A similar regularity was reported by MURZYÑSKI (1998), who found the high-
est content of this Mn form in the 0-10, 10-20 and 20-30 cm layers, as well
as MAZUR et al. (1998), particularly upon application of liquid cattle manure.
BOROWIEC and MAGIERSKI (1980/1981), however, did not observe such depend-
encies in light soils fertilized with liquid manure.

Selected chemical or physicochemical soil properties were also present-
ed in the papers by DEBSKA et al. (2010) and PYPERS et al. (2011).



177

�
��

�
�

�

�
	


	
�

�
�


���

�
�
�
�


��

�
���

�
�
�

�
�

�
�
��

�
��

�
�

�
�

�
�

�
�

�
�

��
�

�
�


��

�
���

���
�

�
���

�
������

��
�
�
 

�
��

��
��

�
�
!
��

��
�

	

"
�#

#
��

�
�
�


��

�
��

$
�

�
�

%
&
"

�
�

�
'#

�
�

�
%
&
"

�
�
�

(
!��

�
�

�
�
�

!��
��

�
�
��

�

)
*

+
)

+
+
%

+
+
*

�
+
)

+
+
%

+
+
*

+
+
�

�
%

*
�

�
�

�
'#

�
(

�


%
&

",
,

�

)
*


+
+,

�
%

-,
-
%

-,
%
*

-,
%
�

�,
%
*

�,
�
%

-,
�
%

+,
+
*

-,
*
*

-,
-
%

�,
+
*

�,
*
*

-,
)
*

-,
�
�

),
)
*

),
%
*

+
)


.
*

-,
*
�

-,
)
�

-,
/
�

-,
/
)

0,
�
�

�,
-
*

�,
0
*

�,
/
�

�,
/
�

�,
�
�

�,
�
�

�,
*
�

-,
-
�

�,
�
�

-,
.
�

+,
/
�

)
-


%
)

+,
*
.

+,
*
.

-,
.
.

+,
�
-

*,
.
.

-,
0
�

�,
�
)

+,
+
.

-,
/
.

*,
/
)

+,
*
.

�,
�
)

�,
/
�

-,
/
�

.,
+
)

�,
/
)

+
+
%


.
-

+,
+
-

�,
-
)

�,
-
-

-,
/
)

/,
)
.

-,
*
.

+,
+
.

-,
.
)

-,
*
)

+,
/
)

+,
.
.

�,
)
-

-,
/
)

+,
*
)

+,
�
.

�,
*
.

�
�
�

(
-,

�
�

*,
�
�

.,
�
)

/,
)
)

�,
0
�

�,
/
�

.,
0
�

/,
�
�

.,
)
�

/,
%
�

�,
)
�

/,
)
�

.,
*
�

0,
%
�

+,
�
�

+,
)
�

1
),

+
*

&
"
��

��
�
���

�
������

��
2
�
 
!�

�
���

�������
��#

1
0,

%
%

&
"
�
 
!�

�
���

�
�����

��
2

��
 
�
�#

1
�,

�
&

"
�
 
!�

�
���

�
������

��#
"
)
+,

+#
3

	
4

+,
.
*

&
"
��

��
�
���

�
������

��
2
�
 
!�

�
���

�
������

��
2

��
 
�
�#

�
	


	
�


�

�
'#

%
&

",
,

�

)
*


+
�
0,

�
�
/,

.
+
+,

0
*

+
/,

*
%

+
�,

�
%

/
*,

-
�
-,

0
)
�,

)
�
�,

)
)
0,

.
+
0,

�
0,

+
*

+,
+
%

.,
�
%

.,
%
%

.,
+
%

+
)


.
*

0
-,

�
-
+,

�
)
�,

0
�
+,

)
/
),

)
+
%,

+
%

-
+,

-
*
.,

�
-
%,

%
0
�,

)
*
+,

0
+,

+
%

�,
*
%

*
/,

.

)
-


%
)

�
0,

*
-
�,

�
)
%,

.
�
-,

�
*
�,

�
)
%,

/
-
%,

-
*
0,

�
)
),

.
+
-,

.
.,

�
%

.,
+
%

�,
*
%

�,
�
%

-,
*
%

%
0,

-

+
+
%


.
-

*
�,

�
-
�,

�
-
),

.
�
�,

.
*
*,

)
-
/,

/
)
*,

/
*
.,

.
+
-,

-
)
-,

-
*,

+
%

.,
%
%

.,
*
%

),
�
%

*,
*
%

+
�,

/

�
�
�

(
0
0,

�
�
-,

�
+
/,

*
%

+
+,

-
�
%,

-
+
.,

/
)
+,

/
%
+,

)
%
*,

)
*
-,

.
/
%,

0
�,

�
%

�,
+
%

+,
�
%

),
%
%

�
�,

/

1
.
*,

�
&

"
��

��
�
���

�
������

��
2
�
 
!�

�
���

�������
��#

1
.
�,

�
&

"
�
 
!�

�
���

�
�����

��
2

��
 
�
�#

1
�
.,

%
&

"
�
 
!�

�
���

�
������

��#
"
)
+,

+#
3

	
4

)
*,

.
&

"
��

��
�
���

�
������

��
2
�
 
!�

�
���

�
������

��
2

��
 
�
�#



178

)
��

�
�
�

�
�
�

4
3

&
"

��
��

�
��

��
��

�
�
�
$
�
�

�
�
�
�

�
��

�
�
�
�
��

�
��

�
�

�
!
#

�
	



�
�
�

�
�
�
�

�
��

�
���

���
�

�
���

�
�����

��
�
�
�
�
��

��
�
��

��


�
�
��

��
�
�

�
���

��
�

�
�
�

�
��

�
��

 
!

�
�

"
#
�

�
�

$
%�

�
	



"
#
�

�
�
�

&
���

�
�
�
�
�

���
��

�
�
��

�

'
�

(
'

(
(
"

(
(
�

�
(
'

(
(
"

(
(
�

(
(
)

�
"

�
!

)
�

$
%�

�
5

$
�

"
#

�*
�*

�

'
�+

(
!*

!
.
.

/
/
.

,
/
.

)
"
-

,
/
.

/
�
.

"
"
.

.
/
.

/
-
-

"
-
.

,
�
.

(
!
-

(
,
.

�
'
-

�
/
.

(
/
.

(
'+

,
�

(*
'
)
.

)
!
.

'
!
,

)
,
,

)
/
,

!
'
,

/
"
.

.
/
,

/
,
,

'
-
,

/
(
.

(
'
.

,
�
.

�
!
.

/
�
.

!
(
.

'
.+

"
'

.*
/
"
/

-
�
/

,
)
-

/
.
,

!
)
-

"
)
-

!
'
/

!
!
-

)
,
.

.
)
-

!
)
/

.
�
(
"

"
'
(
"

"
.
/

-
/
/

,
/
-

(
(
"+

,
.

!*
/
(
(
"

.
!
/

'
!
/

(
(
-

(
�
/

(
�
/

-
'
/

,
,
/

-
!
-

"
�
/

-
.
/

"
/
(
"

(
!
"
"

)
-
(
"

"
.
(
"

"
.
/

�
�
�

&
-*

"
,
-

(
'
-

!
(
-

/
!
.

!
"
-

,
-
.

'
!
-

!
�
-

(
/
.

/
(
-

/
!
-

'
�
/

.
"
/

(
"
/

-
/
-

(
)
-

0
(
!
"

#
�
��

�
�
���

�
�����

��
1
�
�
��

�
���

�
�����

���
0
,
-

#
�
�
�
��

�
���

�
�����

��
1
��

�
�
��

0
�
!

#
�
�
�
��

�
���

�
�����

���
�
'
(*

(�
2
�

3

"
.
"

#
�
��

�
�
���

�
�����

��
1
�
�
��

�
���

�
�����

��
1
��

�
�
��

$
%�

�
&

$
�

"
#

�*
�*

�

'
�+

(
,*

!
/

-*
,
/

.*
.
-

/*
'
/

'*
!
/

!*
)
.

(*
/
.

(*
/
-

)*
"
(
"

/*
'
-

.*
.
-

-*
-
-

.*
/
-

�*
/
.

!*
,
-

,*
-
-

(
'+

,
�

"*
'
'

,*
/
'

!*
"
'

�*
'
,

-*
.
'

.*
/
)

�*
,
'

.*
-
'

(*
.
,

/*
.
'

(*
-
'

'*
-
'

,*
)
,

(*
"
-

'*
'
,

)*
(
,

'
.+

"
'

�*
,
,

)*
)
,

,*
-
'

'*
"
,

.*
�
,

�*
-
'

!*
-
,

'*
-
,

)*
'
.

,*
.
,

-*
)
,

(*
"
-

�*
!
.

-*
�
.

/*
�
.

.*
.
,

(
(
"+

,
.

)*
/
'

�*
)
'

)*
)
'

,*
!
'

)*
'
'

-*
'
'

,*
(
,

)*
!
,

,*
/
,

)*
�
,

(*
�
,

!*
!
.

)*
'
.

/*
,
,

!*
/
,

)*
�
,

�
�
�

&
,*

-
,

-*
-
,

(*
!
,

"*
/
,

)*
.
,

'*
/
'

(*
,
,

/*
/
,

)*
-
.

'*
-
,

"*
-
,

)*
'
.

.*
'
.

(*
'
.

'*
!
.

-*
/
,

0
'*

)
"

#
�
��

�
�
���

�
�����

��
1
�
�
��

�
���

�
�����

���
0
"*

(
"

#
�
�
�
��

�
���

�
�����

��
1
��

�
�
��

0
,*

!
#
�
�
�
��

�
���

�
�����

���
�
'
(*

(�
2
�

3

.*
"
�

#
�
��

�
�
���

�
�����

��
1
�
�
� �

�
���

�
�����

��
1
��

�
�
��



179

CONCLUSIONS

1. Fertilization with liquid manure applied annually and biennially (dou-
ble doses) and with mineral fertilizers resulted in a steady, significant in-
crease in the content of nutrients (particularly in the topsoil layer), includ-
ing available phosphorus, potassium, and magnesium, and in pHKCl (only in
the case of liquid manure) and organic carbon.

2. The highest concentrations of available phosphorus, soluble manga-
nese and S-SO4 were found in the 0-25 cm layer, irrespective of the type of
fertilization applied; the content of the available forms of potassium and
magnesium increased along with the depth of the profile, especially down-
wards to 75 cm.

3. Annual and biennial (double dose) application of liquid manure and
of equivalent amounts of mineral fertilizers resulted in a similar increase
in the nutrient content (the phenomenon was not always confirmed by sta-
tistical calculations) and in pHKCl and Corg.
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Abstract

The success of organic farming results from the need to produce top-quality food and,
additionally, to protect the natural environment by applying eco-friendly agricultural prac-
tices and abandoning synthetic fertilizers and chemical pesticides. The aim of this study
was to assess the impact of organic and conventional production systems on the content
of minerals and fatty acids in grain of oat, wheat and hulled and naked barley.

Wheat grain from organic farming was characterized by a higher content of Mn and
by significantly higher content of Fe, Zn, Ca and Mg when compared to grain originating
from conventional farming. The increased availability of potassium in soil, caused by the
applied potassium salt fertilization, was reflected in a higher content of this macronutrient
in grain of all cereals from conventional cultivation. The tillage system was found not to
exert the same effect on the content of Ca and Mg in all the cereals examined. Lower
content of iron and zinc was determined in organic grains of barley and oat. Grain from
the conventional cropping system (except naked barley) proved to be richer in lipids. Cru-
de oil of organic cereals was richer in the most valuable polyunsaturated fatty acids than
that of the conventionally-grown crops The study demonstrated a stronger dependency be-
tween the level of the elements examined and cereal species than between the level of ele-
ments and cultivation system.

Key words: organic farming, conventional farming, mineral elements, fatty acids, cereal.
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ZAWARTOŒÆ WYBRANYCH SK£ADNIKÓW OD¯YWCZYCH W ZIARNIE PSZENICY,
JÊCZMIENIA I OWSA Z UPRAWY EKOLOGICZNEJ I KONWENCJONALNEJ

Abstrakt

Popularnoœæ rolnictwa ekologicznego wynika z poszukiwania ¿ywnoœci o najwy¿ej ja-
koœci oraz z potrzeby ochrony œrodowiska naturalnego, przez stosowanie zabiegów agro-
technicznych przyjaznych ekosystemowi. Celem pracy by³a ocena wp³ywu ekologicznego
i konwencjonalnego systemu uprawy na zawartoœæ sk³adników mineralnych i kwasów t³usz-
czowych w ziarnie owsa, pszenicy oraz jêczmienia oplewionego i nagiego.

Ziarniaki pszenicy z uprawy ekologicznej zawiera³y wiêcej Mn oraz istotnie wiêcej Fe,
Zn, Ca i Mg w porównaniu z pochodz¹cymi z uprawy konwencjonalnej. Zwiêkszona do-
stêpnoœæ potasu w glebie, spowodowana zastosowanym nawo¿eniem w postaci soli potaso-
wej, odzwierciedla siê wy¿sz¹ zawartoœci¹ tego makrosk³adnika w ziarniakach wszystkich
zbó¿ z uprawy konwencjonalnej. Nie stwierdzono jednokierunkowego wp³ywu systemu
uprawy na zawartoœæ Ca i Mg w przypadku wszystkich badanych zbó¿, natomiast ni¿sz¹
zawartoœæ ¿elaza i cynku stwierdzono w ziarniakach jêczmienia i owsa z upraw ekologicz-
nych. Ziarniaki z uprawy konwencjonalnej by³y zasobniejsze w t³uszcz (wyj¹tek stanowi³
jêczmieñ nagi). T³uszcz zbó¿ ekologicznych by³ bogatszy w wiêkszoœæ cennych kwasów
wielonienasyconych w porównaniu ze zbo¿ami konwencjonalnymi. Obserwowano silniejsz¹
zale¿noœæ zawartoœci badanych sk³adników od gatunku zbo¿a ni¿ od systemu uprawy.

S³owa kluczowe: uprawa ekologiczna, uprawa konwencjonalna, sk³adniki mineralne, kwasy
t³uszczowe, zbo¿e.

INTRODUCTION

Both in Poland and in the world, agricultural plant production relies on
crop cultivation for food and feed. Cereals are obviously at the top of the
food pyramid. As important sources of carbohydrates, proteins and mineral
compounds, they are characterized by a species-specific combination of nu-
tritive properties. The absorption and accumulation of nutrients by plants
are affected by numerous factors, e.g. the concentration and form of ions
available in soil as well as pH of soil solution (ZÖRB et al. 2009). More and
more food products are made from wholemeal flour and provide valuable
nutrients, including mineral compounds, which so far have been removed
along with the seed coat. Daily consumption of food products containing
200 g of wholemeal flour may satisfy over 70% of the recommended daily
intake of Cu, Fe, Mg, Zn, Mn, etc. (HUSSAIN et al. 2010)

The growing success of organic farming results from the need to pro-
duce top-quality food and, additionally, to protect the natural environment
by applying ecosystem-friendly agricultural practices and abandoning syn-
thetic fertilizers and chemical pesticides. Investigations conducted globally
have focused mainly on the effect of organic crop tillage on parameters of
soil or crop yield (RÖHLING, ENGEL 2010). Recently, however, researchers have
been paying more attention to assessment of nutrients in organic food prod-
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ucts. The aim of this study has been to assess the impact of organic and
conventional production systems on the content of mineral elements and
fatty acids in grain of oat, wheat and hulled and naked barley.

MATERIAL AND METHODS

The experiment was conducted with grain of cereals cultivated in the
organic and conventional systems. Grain of winter wheat (cultivar Legenda),
spring barley (gymnospermous cv. Rastik and hulled cv. Skarb), and oat (cv.
Borowiak) originated from a plot experiment conducted by the Department
of Herbology and Crop Cultivation Technology at the Experimental Farm
Czes³awice – harvest of 2009. The experiment was established on 2nd com-
plex soil (quality class II), characterized by the humus content of 1.2-1.6%,
high to very high content of potassium, magnesium and phosphorus, and
acid to slightly acid pH.

The experiment included two, five-field cereal rotations:
– organic crop: sugar beet ? hulled/naked spring barley + additional red clover
→ red clover → winter wheat + tansy phacelia/white mustard (stubble inter-
crop) → oat + broad bean and pea (stubble intercrop);

– conventional crop: sugar beet → hulled/naked spring barley + additional red
clover → red clover → winter wheat → oat.

In the organic system, the cereals were cultivated without mineral fer-
tilization. Their needs for nutrients and fertilizers were met by plowing the
intercrops and by increased fertilization with manure, whereas weed control
was assured by stubble intercrops and harrowing.

Fertilizers and pesticides applied to the cereals are specified in Table 1.
The grains were analyzed for the content of mineral elements: Ca, K,

Mg, Cu, Mn, Fe, and Zn with atomic absorption spectrometry (AAS) after
incineration in a muffle furnace. Crude lipids were determined with the
extraction method by Soxhlet (PN-64/A-74039) in a Soxtec System HT 1043
apparatus. Fatty acids were separated with the gas chromatography method
using a UNICAM 610 apparatus with flame-ionization detector (FID).



184

�
��

�
�

�

�
�	


�

�
�	

�
��	�

��
�
�

�
�	

�
�
�

�
�

�
�	

��

�

�
��

��
�


�
�
�


�

��
�	

�
�
�

�



	
�
�

�
��

�

�
�	

������
�
�

�
	
�

�
	
�
�

�
�

�
���

�
�

�
��

�
��

�

�
�	

�
����	�

��

�

�
�

�
�

 
!

�
"

#
$
%
&'

�	
��	�

�
�

��
�


�
�
�

�
��

(



��
�

�
�

$
 
)

�

�

�
�

�
���

����	
$
 
%

�
�

�
�

 
%
�

�
"

*#
$
%
&'

�	
��	�

�
�

��
�


�
�
�

�
�	

�	
�
�
�
�

�
��

�


�
��

�
�
�

$
 
+

�
��	




�

�


�
�
�	


�
�	

$
+
&

�
���

�
�

�


�
�
�	


�
�	

$
 
,

�
�

�
�

 
-

�
"

#
$
%
&'

�	
��	�

�
�

��
�


�
�
�

�
��

(



��
�

�
�

$
 
)

�

�

�
�

�
���

����	
$
 
%

.
,
�
+

�
�

�
�

 
!

�
"

/
�	

��

��

�
�

�

��

���	

#
$
)
%'

0
�	

��
�

�
��

�

�
��

(



��
�

�
�

$
 
 
�

�
�

�
�

 
)

�
"

/
�	

��

��

�
�

�

��

���	

#
$
)
%'

0
�	

��
�

�
��

�

�
��

(



��
�

�
�

$
 
 
�

�
�

�
�

 
!

�
"

/
�	

��

��

�
�

�

��

���	

#
$
)
%'

0
�	

��
�

�
��

�

�
��

(



��
�

�
�

$
 
 
�

1
,
�

�
�

�
�

 
 
�

�
"

#
$
 
)'

	�
�


�
��



�	

�

�
��

(



��
�

�
�

$
 
 
�

�
�

�
�

 
2

�
"

#
$
 
)'

	�
�


�
��



�	

�

�
��

(



��
�

�
�

$
 
 
�

�
�

�
�

 
-

�
"

#
$
 
)'

	�
�


�
��



�	

�

�
��

(



��
�

�
�

$
 
 
�

�
��



��
0

0
�
�

�
3

�
 
 
,

4
�

(
�	�

5
�

3
 
&
 

	
�
�
0�

��
6

3
�

 
 
,

4
�

(
�	�

5



�
0���

�
�

�
3

��
�
����

�
�
�

	


�
7

�
+
!
&

	�
��

8

�
0

�
�



0

&
�

�
�
"

7
�

 
 
%



��

.
	��

�

�
0

�
�



0

&
�

�
�
"

7
�

+
!
&

	�
��

8

�
0

�
�



0

&
�

�
�
"

7
�

 
 
%



��

.
	��

�

�
0

�
�



0

&
�

�
�
"



�
0���

��
�

9
:

�
 
%
&


��

�
�

�
�


�
	


�
(

�
7

�
0

,
�



0

&
�

�
�
"

;
�

+
!



�

�
�

8

�
�

�
+<

)
,

�


0

�
"

7
�

 
+
,

�
�
��

�


�

�
0

!<
 

�


0

&
�

�
�
" �

�
�	

�
�
	

0
���

�
�
�

:
�

 
 
)

�
��

�
�


�
�

�
0

,
�



0

&
�

�
�
"



�
0���	�

�

�=

�
+
,
 

�	
��

�
1

7

�
0

+
�<

 
�



0

&
�

�
�
"

7
�

+
,
 

�	
��

�
1

�
0

+
�<

 
�



0

&
�

�
�
"

7
�

+
,
 

�	
��

�
1

�
0

+
�<

 
�



0

&
�

�
�
"


	
�
�
0�

�	
�

>
:

�
+
!
)

�
�

�
�?

�
��

�
�
��

�
(
�	

�
8

�
0

,
�



0

&
�

�
�
"

:
�

 
+
!

�
���

�
�	

�

�
0

�
�



0

&
�

�
�
"

:
�

+
)
%

�
�

��
�

7

�
0

+<
�

�


0

&
�

�
�
"



185

RESULTS AND DISCUSSION

Mineral compounds in plants serve a variety of functions, e.g. they are
structure-forming elements (macronutrients) and participate in the regula-
tion of biochemical processes (micronutrients) (BARCZAK et al. 2006). They
are also essential for the proper growth and development of humans and
animals. Their accumulation in cereal grain is influenced by multiple fac-
tors, including species and soil conditions: organic matter content, pH, and
fertilization applied (WIŒNIOWSKA-KIELIAN, KLIMA 2007). Most of the research
addressing the issue of mineral content in organic grain has focused on
wheat (HUSSAIN et al. 2010, ZÖRB et al. 2009).

In the reported experiment, grain of oat, wheat as well as hulled and
naked barley was analyzed for the content of 3 macronutrients, whose level
was decreasing in the following order: K, Mg, Ca (Table 2). Oat grain proved
to be the poorest in these cations (except for potassium). A higher content
of these macronutrients in oat, than in barley had been determined earlier
by MAKARSKA et al. (2006). In turn, the lowest content of Mg and Ca was
assayed in wheat grain.

The highest content of potassium was found in the grain of hulled bar-
ley (E=6.87 mg kg–1, C=7.03 mg kg–1). A tendency for its considerably high-
er content (significantly higher in the case of wheat) was observed when
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compared to the organic grain, which is presumably caused by potassium
salt fertilization.

The content of magnesium was significantly higher in the grain of oat
and wheat from organic cultivation than in conventionally grown crops. In
turn, the level of this element in both cultivars of barley turned out to be
higher in the grain from conventional crop. Hence, the farming methods
were not confirmed to exert the same effect on all cereals. ZÖRB et al. (2009)
attributed a slightly lower magnesium content in conventional wheat grain
(analogous dependency was also observed in our study) to the better filling
and higher volume of kernels.

Grains of wheat and naked barley from organic crops were significantly
richer in calcium than those from the conventional cultivation system.
A reverse dependence was observed in the case of oat. In hulled barley, the
lower content of that element in organic grain was not statistically signifi-
cant. ZÖRB et al. (2009) did not find any significant differences in the calcium
content between wheat grain from organic and conventional cultivation, al-
though grain from the organic biodynamic system was characterized by its
higher content. Despite a few significant system-based differences, no ten-
dency towards higher or lower levels of mineral elements in any farming
system was suggested by MÄDER et al. (2007).

The level of such cations as iron, manganese, and copper in grain plays
a very significant role. The mean content of micronutrients in grain of the
analyzed cereals is presented in Table 2. The lowest content of Cu and Fe
(analogously to macronutrients) appeared  in wheat. The lowest level of Mn
was found in both cultivars of barley. The lowest content of Zn was found in
grain of conventional wheat and organic naked barley.

In turn, the highest content of copper was determined in grain of hulled
barley (E=3.70 mg kg–1, C=3.67 mg kg–1). Differences in the copper content
between grain from organic and conventional cultivation were statistically
significant only in the case of naked barley cv. Rastik, with a higher content
of copper noted in the conventionally-cultivated crop (E=3.21 mg kg–1,
C=3.58 mg kg–1). The same tendency was observed in wheat grain
(E=2.09 mg kg–1, C=2.55 mg kg–1). Among the analyzed cereals, the highest
content of Mn was determined in oat (E=30.39 mg kg–1, C=28.25 mg kg–1)
and wheat grain (E=29.20 mg kg–1, C=25.64 mg kg–1). More Mn was found
in grain from the organic cultivation system, except naked barley, in which
the Mn content was identical in both organic and conventional grain.

Further analyses demonstrated the highest content of iron in oat grain
(E=44.47 mg kg–1, C= 45.76 mg kg–1), and the highest content of zinc in
hulled and naked barley from conventional cultivation (32.18 and
32.18 mg kg–1, respectively). In the grain of oat and both barley cultivars,
the content of iron and zinc was higher in the crops with mineral fertiliza-
tion and chemical protection. In contrast, statistically significantly higher
content of Fe and Zn was determined in the organic grain of wheat. RYAN et
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al. (2004) attributed a higher content of zinc in organic grain to improved
colonization of the crops by Arbuscular mycorrhizal fungi, which improved
absorption of mineral elements (including Ca and Zn).

The content of crude lipids in grain was higher in conventionally grown
crops, except naked barley (Table 3). The richest source of crude lipids was
oat grain (E=4.36% and C=4.49%), whereas hulled barley from organic culti-
vation contained the smallest amounts of these compounds. The results of
our determinations of the lipid content in grain of oat and barley from the
organic cultivation system are similar to the findings reported by BOBKO et
al. (2009). In contrast, SZUMI£O and RACHOÑ (2006), who analyzed lipids in
naked and hulled oat, found differences due to the level of pesticides ap-
plied, namely stronger pest control meant a lower  content of lipids in na-
ked oat but more lipids in hulled grain.

The ratio of fatty acids in grain lipids of the analyzed cereals is shown
in Table 3. A higher level of saturated fatty acids (SFA) was found in lipids
of cereals from the conventional cropping system, whereas grain from or-
ganic farming was richer in unsaturated fatty acids (UFA). In both cases, it
was only wheat grain that responded differently. A tendency for enhanced
synthesis of monounsaturated fatty acids (MUFA) was observed in the con-
ventional crops except oat. This relationship was evident in the case of crude
lipids of wheat monoens. Cereal grain is an excellent source of essential
polyunsaturated fatty acids, especially linoleic acid. A higher percentage of
these acids was demonstrated in crude lipids of grain from the organic sys-
tem. When comparing the analyzed cereals, the highest content of linoleic
acid (18/2) was determined in lipids of organic wheat grain, whereas the
lowest one – in oat grain from both cropping system. A lower percentage of
polyunsaturated fatty acids in oat grain is compensated for by a very high
content of crude lipids in grains of that cereal and an exceptionally high
level of ecosadienoic acid (22/2), compared to other cereals.  In addition to
linoleic acid, grain oil is rich in both oleic (18/1) and palmitic acids (16/0).
Conventional grain (except for oat) appeared to be richer in this monoenic
acid. However, lipids of organic kernels of wheat and naked barley, and
conventional kernels of oat and hulled barley were richer in saturated pal-
mitic acid.
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CONCLUSIONS

1. Wheat grain from the organic cropping system was characterized by
a higher content of Mn and a significantly higher content of Fe, Zn, Ca and
Mg when compared to grain from conventional cultivation.

2. Lower content of iron and zinc was determined in organic grain
of barley and oat but the cropping system was found not to exert the same
effect on the content of Ca and Mg in any of the examined cereals.

3. Crude oil of organic cereals was richer in the most valuable, polyun-
saturated fatty acids than that of conventionally grown crops

4. The study has demonstrated that the content of the macro- and mi-
cronutrients was more strongly dependent on a cereal species than a culti-
vation system.
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Abstract

The aim of the present work was to compare the content of bioactive compounds
(polyphenols and minerals) in semi-dry wines. The material for the study consisted of 6 ty-
pes of semi-dry red wine originating from Bulgaria (Sofino Melnik), Hungary (Loci), Fran-
ce (Bongeronde) and Spain (Don Kichot). The wines were subjected to organoleptic sco-
ring assessment, followed by analyses of crude ash, anthocyanins, the total content of
phenol compounds, zinc, manganese, copper, iron and magnesium. Additionally, the brow-
ning index was determined. All the samples attained positive organoleptic assessment. The
highest score for the color was given to the wines from France and Spain. The total acidi-
ty in the analyzed red wines ranged between 4.97 g dm–3  (Spanish wine) and 5.56 g dm–3

(Bulgarian wine), which fulfills the quality requirements for grape wine. Grape wine con-
tains from 1.0 to 4.0 g dm–3 of polyphenols. The analyzed wine samples contained a sligh-
tly lower concentration of phenolic compounds: 1.28 g dm–3 on average. The average con-
tent of p-coumaric acid in the examined samples was 1.85 mmol dm–3. The concentration
of anthocyanins, compounds responsible for the color of wine, was significantly lower in
Bulgarian and Hungarian wine samples (26.05±0.25 mg dm–3 and 23.60±0.80  mg dm–3

respectively), in comparison with French (59.90±0.20 mg dm–3) and Spanish wine particu-
larly (75.90±2.40 mg dm–3). All the analyzed wine samples, independently of their place
of manufacture, achieved high organoleptic assessment, especially for clarity and color. The
highest rated wines from France were characterized a high level of bioactive compounds:
total polyphenols and anthocyanins. They also had a high content of crude ash and mine-
rals such as Mg, Mn, Zn. Relatively high concentrations of polyphenols, anthocyanins and
crude ash were also determined in Spanish wines.

Key words: semi-dry red wine, mineral elements, phenolic compounds, anthocyanins.
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ZAWARTOŒÆ ZWI¥ZKÓW BIOAKTYWNYCH
W WINACH CZERWONYCH PÓ£WYTRAWNYCH

Abstrakt

Celem pracy by³o porównanie zawartoœci zwi¹zków bioaktywnych (polifenole, antocy-
jany, taniny, sk³adniki mineralne) w winach pó³wytrawnych. Materia³ do badañ stanowi³y
wina czerwone pó³wytrawne (po 6 prób w ka¿dej grupie), pochodz¹ce z Bu³garii (Sofino
Melnik), Wêgier (Loci), Francji (Bongeronde) i Hiszpanii (Don Kichot). Wina poddano punk-
towej ocenie organoleptycznej. Analizowano równie¿ zawartoœæ popio³u surowego, garbni-
ków, kwasu szczawiowego, kwasowoœæ ogóln¹, stê¿enie antocyjanów, zawartoœæ zwi¹zków
fenolowych ogó³em oraz zawartoœæ cynku, manganu, miedzi, ¿elaza i magnezu. Oznaczono
indeks zbr¹zowienia. Wszystkie poddane badaniom próby win uzyska³y pozytywn¹ ocenê
organoleptyczn¹, a najkorzystniejsz¹ ocenê pod wzglêdem barwy – wina pochodz¹ce z Fran-
cji i Hiszpanii. Kwasowoœæ ogólna analizowanych win czerwonych pó³wytrawnych wynosi³a
od 4,97 g dm–3 (wina hiszpañskie) do 5,56 g dm–3 (wina bu³garskie) i spe³nia³a wymaga-
nia jakoœciowe dla win gronowych. Wina gronowe zawieraj¹ od 1,0 do 4,0 g dm–3 polifeno-
li. Badane próby win zawiera³y nieco mniej zwi¹zków fenolowych, œrednio 1,28 g dm–3.
Zawartoœæ kwasu p-kumarowego wynosi³a œrednio 1,85 mmol dm–3. Antocyjany to zwi¹zki,
które odpowiedzialne s¹ za barwê win. Ich stê¿enie by³o istotnie ni¿sze w winach bu³gar-
skich oraz wêgierskich (odpowiednio 26,05±0.25 mg dm–3 i 23,60±0.80 mg dm–3), w porów-
naniu z winami francuskimi (59,90±0.20 mg dm–3), a przede wszystkim hiszpañskimi
(75,90±2,40 mg dm–3). Wszystkie poddane badaniom wina, niezale¿nie od miejsca ich wy-
tworzenia, uzyska³y wysok¹ ocenê organoleptyczn¹, szczególnie w zakresie oceny klarow-
noœci i barwy. Najwy¿ej oceniono wina pochodz¹ce z Francji, w których stwierdzono  tak¿e
wysoki poziom zwi¹zków bioaktywnych – polifenoli ogó³em i antocyjanów oraz wysok¹ za-
wartoœæ popio³u surowego i sk³adników mineralnych, takich jak Mg, Mn, Zn. Podobnie doœæ
wysokie stê¿enie polifenoli, antocyjanów, a tak¿e popio³u surowego oznaczono w winach
hiszpañskich.

S³owa kluczowe: wina czerwone pó³wytrawne, sk³adniki mineralne, zwi¹zki fenolowe,
antocyjany.

INTRODUCTION

Red wine is a rich source of healthy components, such as phenolic acids,
anthocyanins and (+)catechins (tannins). Polyphenols are believed to have an
antioxidant effect, which contributes to protecting low-density lipoproteins
(LDL) from oxidation (NIGDIKAR et al. 1998, ZIMA et al. 2005, AMAROWICZ et al.
2008). Wine contains hydroxybenzoic (mostly gallic and protocatechic) and hy-
droxycinnamic (mostly caffeic and p-coumaric) acids and high concentrations
of some of their derivatives (HERNANDEZ-ORTE et al. 2006). Grapes and wine
contain many mineral elements. The most important minerals include potas-
sium, magnesium, calcium and sodium, whereas iron, boron, silicon and zinc
occur only in insignificant amounts (ppm range), and there are merely trace
quantities of aluminum, lead, cadmium, fluorine, copper or selenium (<1 mg
dm–3). The content of mineral elements is affected by numerous factors, such
as the type of grapevine, climate and soil as well as the method of wine
production (COOK et al. 1995, RUPASINGHE, CLEGG 2007).
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With the growing awareness of the positive impact on health (the French
paradox) and the increasing consumption of red wines, it is interesting to
compare their chemical composition and organoleptic characteristics. As men-
tioned earlier, wine quality is significantly affected by the region in which
grapevine grows, which is why wines from different parts of Europe were
analyzed. The objective of the present work was to compare the content
of bio-active substances (polyphenols, minerals) in semi-dry red wine origi-
nating from different vineyards in Bulgaria, Hungary, France and Spain.

MATERIAL AND METHODS

The material consisted of semi-dry red wine originating from Bulgaria
(Sofino Melnik, 11% vol.), Hungary (Loci, 10.5% vol.), France (Bongeronde,
10% vol.) and Spain (Don Kichot, 11% vol.) produced in 2009.

Bulgarian wine Sofino Melnik is a multistrain wine from the south-west-
ern region of this country (the Mediterranean climate), more specifically
from the Struma Valle. Hungary Loci is a multistrain red wine from Ìszak-
Alföld. French semi-dry red wine Bongeronde is a multistrain wine made
from grapes growing in Languedoc. Spanish wine Don Kichot is a multist-
rain wine from La Mancha. Each of the examined groups consisted of 6 wine
types (6 wines x 4 countries) in two replications. In total, 48 samples were
examined. The wine was subjected to organoleptic assessment. A panel of
tasters consisted of 20 people (10 males and 10 females), aged from 35 to 45
years. The assessment was made on a 5-point scale in accordance with the
standards PN-90 A-79120/02. Laboratory analyses were performed in order
to determine the content of crude ash according to PN-90A-79120/09, the
share of tannins, based on formation of insoluble tannins with heavy metal
salts (AOAC, 1995). Total acidity was determined according to PN-90A-79120/07
and expressed in tartaric acid. Total anthocyanins were determined using
the pH differential method described by LEE et al. (2005). The methods de-
scribed by SOMERS and EVANS (1974) were used to determine the browning
index of the wines. The measurements were carried out with a Unicam
5625 UV/VIS spectrophotometer. All samples were analyzed by HPLC-DAD
(Waters) for phenolic acids. The analytical HPLC system (Gilson) employed
consisted of two pumps 306, a detector UV-VIS DAD 170 and an injector
20 µL. Chromatographic separations were performed on a reversed phase
column Symmetry C18 (5.0 µm, 250_4.6 mm i.d., Waters). Phenolic acids
were separated using eluents, A: 1% acetic, B: 50% acetonitryle, both in
water (v:v). Elution gradient was following: 0-10 min 92% A, 11-40 min 70%
A, 41-55 min 60% A, 56-72 min 92% A. The monitoring wavelength was 320
nm. The results were calculated from the calibration curve.

The total content of phenolic compounds was determined by the spec-
trophotometric method of Folin-Ciocalteau (GORISTEIN et al. 2000) and ex-
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pressed as gallic acid equivalent (GAE). For assays of minerals, the samples
were pre-dried in a dryer at a temperature of 60oC for 24 hours, and then
dried at 105oC for another 24 hours. Afterwards, the samples were weighed,
incinerated in a muffle furnace at a temperature of 450oC and solubilized in
6N of spectrally-pure hydrochloric acid. The content of zinc, manganese,
copper, iron, and magnesium was determined in the mineralizates by the
ASA method (PN-EN 14082:2004) using a UNICAM 939 spectrometer. Analy-
sis of the content of oxalic acid was performed following the method pre-
sented by BRZOZOWSKA et al. (1999). The determination of the browning index
was based on the procedure recommended by WROLSTAD et al. (1982).

The results presented in the work are the arithmetic means obtained
from 12 measurements (6 types of wine, two replications) analyzed statisti-
cally with Statistica ver. 5 software, and p=0.05 and p=0.01 regarded as
a statistically significant value.

RESULTS AND DISCUSSION

All types of the analyzed wine obtained a positive organoleptic scoring
(Table 1). The highest score for the color was given to the wines from France
and Spain, while the Bulgarian and Spanish wine types had the best clarity.
The aroma and flavor of the French wine obtained the highest score and
this type of wine had the highest total score among all the analyzed types.
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The key criterion while purchasing groceries is their sensory attractive-
ness and one of its elements is color. The color of wine red depends mainly
of the anthocynins. These compounds are found predominantly in the grape
skin and are released in the process of maceration. The longer the macera-
tion period before decanting young wine, the richer the wine in dyes and
tannins (BALÍK, KUMŠTA 2008).
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The acidity of wine depends on its content of organic acids, such as
tartaric, malic, citric, succinic or lactic acid (MAÆKIW 2003). This is a signifi-
cant trait which gives wine its valuable properties enhancing digestion and
ideally wine should contain 2.0-5.0 g dm–3 of organic acids (GAWLIK, BIALIK

1998). According to PN-A-79122:1996, the total acidity of grape wine should
range from 3.5 to 9.0 g dm–3, as converted into tartaric acid. The total
acidity of the analyzed semi-dry red wine was from 4.97 g dm–3 in Spanish
wine to 5.56 g dm–3 in Bulgarian wine, which met the requirements set for
the quality of grape wine (Table 2). The total value of acidity in the ana-
lyzed wine was not affected by the amount of oxalic acid, which was signifi-
cantly higher in Bulgarian and Hungarian wine than in the wine from
France and Spain (Table 2).
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Oxalic acid is fairly high in the concord grapes and ooccasionally, crys-
tals of calcium oxalate form in wine. The development occurs late, common-
ly after bottling. The redox potential of most young wines stabilizes the
complex formed between oxalic acid and metal ions, such as iron. However,
as the redox potential of wine rises during aging, ferrous oxalate changes
into the unstable ferric form. After dissociation, oxalic acid may bond with
calcium, forming calcium oxalate crystals (JACKSON 2000).

The health-promoting value and the quality of wine also depend on its
content of phenolic compounds (IWANOW et al. 2001). Grapes are a rich source
of phenolic compounds and red grape wine contains from 1.0 to 4.0 g dm–3

of polyphenols (LOPEZ-VELEZ et al. 2003). The analyzed semi-dry red wine
originating from France and Spain was relatively low in these compounds
(1.45 g dm–3 in both replications). However, this value was significantly
higher (p=0.05) compared with the wine from Bulgaria (1.25±0.03 g dm–3)
or Hungary (0.97±0.02 g dm–3) – Table 3. Both the content of polyphenols
and the share of anthocyanins and tannins, and hence the wine’s color and
its intensity, depend on the type of grapes, the degree of their maturity and
the climate in which the fruit is cultivated (the warmer the climate, the
darker the wine) (BALÍK et al. 2008), which can justify a higher concentra-
tion of the above compounds in French and Spanish wine varieties.
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Numerous studies have proven very beneficial influence of polyphenols
on human health (the French paradox) and have enabled us to determine
which are most effective. The group of compounds with documented bioac-
tive effects includes, among others, hydroxybenzoate and hydroxysuccinic
acids.

A wide discrepancy in the number and concentrations of phenolic acids
was found among the examined wines, which contained from five (French
wines) to eighteen phenolic acids (Spanish wines). The concentration of
p-coumaric acid  was used for a comparative study of all the semi dry wines
because it occurred in a high content in all the samples. According to
TUSZYÑSKI and SROKA (1999), the content of p-coumaric acid in red wine is
around 1.56 mmol dm–3. The same content is quoted by MAÆKIW (2003). RAST-
IJA et al. (2009) reported significant differences in the concentration of
p-coumaric acid in Croatian red wines, where it ranged from 1.7 to 7.4 mg
dm–3. As regards p-coumaric acid in the analyzed wines (Table 3), its aver-
age content was 1.85 mmol dm–3, being the highest in the Hungarian wine
(2.84±0.08 mmol dm–3).

The results concerning the total content of anthocyanins were confirmed
by the total content of polyphenol compounds in the analyzed wine. Their
concentration was significantly lower in the Bulgarian and Hungarian wine,
(26.05±0.25 mg dm–3 and 23.60±0.80 mg dm–3, respectively) compared to
the wine from France (59.90±0.20 mg dm–3) and Spain (75.90±2.40 mg dm–3)
– Table 3. Similar correlations were noted for the semi-sweet red wine ana-
lyzed by CZECH (2007), where the highest anthocyanin content was recorded
in Spanish wine and the lowest in the Bulgarian varieties. According to
TSANOVA-SAVOVA et al. (2002), the content of anthocyanin in Bulgarian red
wines varied from 22 to 274 mg dm–3.

Anthocyanins are responsible for the color of wine. However, they are
exposed to different factors during the manufacturing process and storage,
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such as the presence of oxygen, metal ions or light, which lead to condensa-
tion processes and consequently brown polymer formation (PENG et al. 1998).
An increased share of brown polymers deteriorates the color of wine, mak-
ing it less vivid (CZAPSKI, WALKOWIAK-TOMCZAK 2008). Bulgarian wine was cha-
racterized by the lowest degree of browning (2.97±0.16), while this value
was the highest in French wine (p=0.05) – Table 2.

The concentration of anthocyanins in red wine gives it a purple shade,
whereas tannins are responsible for its lighter shade of orange or yellow. In
time, the color of wine changes towards lighter shades as anthocyanins are
less durable than tannins (MANIAK, KUNA-BRONIOWSKA 2007). The content of
tannins in the analyzed wine samples ranged from 2.57±0.79% (Bulgarian
wine) to 5.35±0.98% (Hungarian wine) – Table 3. The results revealed sta-
tistically significant differences at the level of p=0.05.

Tannins form colorful complexes with ion metals. They also affect the
bitterness of wine and, under the effect of oxygen and high temperature,
are oxidized into dark-colored compounds. The content of mineral elements
in the analyzed semi-dry red wine samples is presented in Table 4. Analyz-
ing the content of mineral elements, it should be noted that the number
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of some microelements must be limited to maintain good health-promoting
and organoleptic traits (COOK et al. 1995). An increase in the content of
minerals may lead to turbidity and precipitation of lees in the wine. Accord-
ing to RÊCZAJSKA and JÊDRZEJCZAK (1998), the maximum limits in red wines
are 5.0 mg dm–3 of zinc, 3.5 mg dm–3 of copper and 18.0 mg dm–3 of iron.
Following the regulation by the Ministry of Health and Social Welfare, the
acceptable content of zinc in wine is 5.0 mg dm–3, and the content of copper
in alcohol must not be higher than 1.0-4.0 mg dm–3. Neither of these val-
ues was exceeded in any of the analyzed wine samples. The French wine
was characterized by a significantly higher content of most analyzed miner-
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al elements (magnesium, iron, zinc and manganese). The wine originating
from Hungary also proved to be a rich source of minerals, particularly mag-
nesium, iron and manganese. The Bulgarian wine had a significantly higher
content of copper and iron, while the Spanish wine was richer in magnesium.
The content of copper, manganese and iron in the analyzed wine samples was
close to the results noted by BULIÑSKI et al. (1995) for red grape wine and
MALIK and CZECH (2005). The concentration of zinc in the examined wines was
significantly higher than in the wine studied by BULIÑSKI et al. (1995). Our
results suggest some regularity related to the fact that certain metals may
indirectly affect the degradation of anthocyanins by catalyzing the oxidation of
ascorbic acid with the formation of H2O2 (PENG et al. 1998). Two elements
participate in the processes of forming hydrogen peroxide, namely copper and
iron. A higher content of these minerals in the Bulgarian wine may have led
to the lowering of the content of anthocyanins in those wine samples.

The content of ash in wine, that is the components left after evapora-
tion and roasting, depends mainly on the presence of minerals. The concen-
tration of minerals in wine is slightly lower than in the fruit, which are
used to proliferate yeast in the fermentation process (POGORZELSKI et al. 2005).
The content of crude ash in the analyzed wine samples was significantly
lower in the Bulgarian and Hungarian wines (0.89±0.03 g dm–3; 1.19±0.08 g
dm–3, respectively). The highest share of crude ash was recorded in the
Spanish wine (2.56 g dm–3) – Table 4. According to WZOREK et al. (2005), the
content of ash in red wine should not exceed 1.7 g dm–3, whereas POGORZEL-
SKI et al. (2005) suggest that the mean ash content in wine ranges from 1.8
to 2.5 g dm–3. The analyzed semi-dry wine samples revealed a slightly low-
er crude ash concentration: 1.57 g dm–3 on average.

CONCLUSIONS

All the analyzed wine samples, regardless of their origin, achieved a high
organoleptic assessment score, especially for clarity and color. The highest
rated wine was made in France. It was characterized by a high level of
bioactive compounds: total polyphenols and anthocyanins. It also had a high
content of crude ash and minerals such as Mg+2, Mn+2, Zn+2. Similarly,
relatively high concentrations of polyphenols, anthocyanins and crude ash
were determined in the Spanish wines. The results of our analyses showed
a relationship between the content of bioactive compounds and the place of
manufacture of wine. Consumption of wines, especially French ones, may
contribute to increasing the supply of compounds producing beneficial ef-
fects in the human body.
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ON STORAGE

Anna Czech, El¿bieta Rusinek
Department of Biochemistry and Toxicology

Agricultural University in Lublin

Abstract

The study has been performed to analyze the content of nitrates V and III as well as
lead and cadmium in Brassica vegetables, both fresh and after 5-month storage in a cool
storeroom. The experimental material consisted of Chinese cabbage, red and white cabba-
ge, savoy cabbage and Brussels sprouts. The content of nitrates in the plant material was
determined with the spectrophotometric method based on Griess reaction, whereas con-
centrations of heavy metals were assayed with the AAS method after dry mineralization.

The 5-month storage period was found to decrease (by ca 65±5%) the content of ni-
trates V in savoy cabbage and Brussels sprouts. In turn, a ca 2-fold increase in the con-
centration of these compounds was determined in Chinese cabbage, and a similar tenden-
cy was observed in white cabbage. Chinese cabbage turned out to be the richest in the
analyzed, undesirable elements and compounds, e.g. after storage it was characterized by
an exceeded permissible level of nitrates V (750 mg kg–1 f.w.) and by the biggest, ca
10-fold, increase in concentrations of lead and cadmium. Besides, storage was observed to
cause a significant increase in the content of nitrates III in the analyzed vegetables, except
red cabbage, in which their content was shown to decrease by about 40%.

Concentrations of nitrates III and V, Pb2+ and Cd2+ in tissues of the cabbage plants
should be monitored regularly in order to prevent their excessive accumulation in the food
chain of man.

Key words: Brassica vegetables, storage, nitrates V, nitrates III, heavy metals.
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ZAWARTOŒÆ AZOTANÓW V I III ORAZ METALI CIÊ¯KICH W WYBRANYCH
WARZYWACH KAPUSTNYCH W ZALE¯NOŒCI OD CZASU PRZECHOWYWANIA

Abstrakt

Celem badañ by³o przeanalizowanie zawartoœci azotanów V i III oraz o³owiu i kadmu
w œwie¿ych warzywach kapustnych i po ich 5-miesiêcznym przechowywaniu w ch³odnych
magazynach. Materia³ badawczy stanowi³y: kapusta pekiñska, kapusta g³owiasta czerwona
i bia³a, kapusta w³oska oraz kapusta brukselska. W materiale roœlinnym zawartoœæ azota-
nów oznaczono metod¹ spektrometryczn¹, opart¹ na reakcji Griessa, natomiast metale ciê¿-
kie – metod¹ AAS po mineralizacji suchej.

Okres 5-miesiêcznego przechowania wp³yn¹³ na obni¿enie (o ok. 65±5%) zawartoœci
azotanów V w g³ówkach kapusty w³oskiej i brukselskiej, natomiast ok. 2-krotny wzrost
koncentracji tych zwi¹zków odnotowano w kapuœcie pekiñskiej, podobn¹ tendencjê zaob-
serwowano w przypadku kapusty bia³ej. Kapusta pekiñska okaza³a siê warzywem najbar-
dziej ska¿onym substancjami niepo¿¹danymi, po przechowywaniu bowiem odnotowano
przekroczenie (750 mg kg–1 œ.m.) zawartoœci azotanów V oraz najwiêkszy, ok. 10-krotny
wzrost zawartoœci o³owiu i kadmu. Przechowywanie spowodowa³o istotny wzrost zawarto-
œci azotanów III w analizowanych warzywach z wyj¹tkiem kapusty g³owiastej czerwonej,
w której nast¹pi³ ok. 40% spadek koncentracji omawianych zwi¹zków.

W celu zapobiegania nadmiernemu gromadzeniu siê tych zwi¹zków w ³añcuchu po-
karmowym cz³owieka, niezbêdne jest regularne monitorowanie azotanów V i III oraz Pb2+

i Cd2+ w tkankach badanych roœlin.

S³owa kluczowe : warzywa kapustne, przechowywanie, azotany V, azotany III, metale
ciê¿kie.

INTRODUCTION

Vegetables are an essential component of human diet. They are a rich
source of vitamins, minerals and dietary fibre. Unfortunately, they are also
among  the major sources of nitrates in foodstuffs (50-80%). Presence of some
quantities of nitrates V and III in plants is a natural consequence of the
nitrogen cycle in nature. Nevertheless, errors made during cultivation and
storage of plant material coupled by limited oxygen access may trigger un-
desirable biochemical transformations, which in turn can modify the concen-
trations of nitrates. Although nitrates V do not pose any serious health prob-
lem, a product of their microbiological reduction, i.e. nitrates III, are highly
toxic. In addition, genetic traits of vegetables that depend on a species or
variety also influence accumulation of these compounds (RUTKOWSKA 1996,
WOJCIECHOWSKA 2005, RUSINEK, CZECH 2007).

Another serious  problem is food contamination with heavy metals. Lead
and cadmium may enter the human body through the alimentary and respi-
ratory systems and are capable of accumulating in human tissues. The ma-
jor source of Pb and Cd are environmental pollutants, i.e. wastewater, solid
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waste, dust emitted to the atmosphere, chemical fertilizers, and pesticides
(LO COCO et al. 2000, YUSUF et al. 2003, KHAIRIAH et al. 2004, RUSINEK, CZECH

2007). The excess of these metals in food is implicated to raise the inci-
dence of many diseases of the cardiovascular, respiratory and nervous sys-
tems. These metals are also involved in carcinogensis and mutagenesis
(STEENLAND, BOFFETTA 2000, RADWAN, SALAMA 2006).

Owing to the great popularity and high intake of Brassica vegetables in
Poland, as well as to increasing environmental pollution, it seems highly
advisable to monitor these crops in terms of concentrations of undesirable
substances they may contain. The present study has been performed to ana-
lyze the content of nitrates V and III as well as lead and cadmium in Brassica
vegetables, fresh and stored for 5 months in cool storerooms.

MATERIAL AND METHODS

The experimental material comprised fresh and stored Brassica vegeta-
bles, including: Chinese cabbage (Brassica pekinensis Rupr.), red cabbage
(Brassica oleracea var. capitata L. f. rubra), white cabbage (Brassica oleracea
var. capitata L. f. alba), savoy cabbage (Brassica oleracea L. var. sabauda),
and Brussels sprouts (Brassica oleracea L. var. gemmifera). The vegetables
originating from local producers were purchased in a hypermarket in Lublin
(in October 2009). Some of the vegetables were stored for 5 months in cool
storehouses, at the optimal temperature (0oC) and air humidity (95-98%).
Control measurements of the temperature and air humidity were carried
out several times.

For each Brassica species, 6 samples were collected in each analytical
period in order to determine levels of the undesirable components (nitrates
V and III, lead and cadmium). The determinations were carried out in three
replications. In total, 60 samples of Brassica vegetables were assayed.

Prior to chemical analyses, the vegetables underwent the necessary prep-
arations (washing, fragmentation). The prepared plant material was divided
into samples: 10 g of vegetables for analyses of nitrates V and III, and 5 g
of vegetables for assays of heavy metals.

The content of nitrates V and III was determined with the spectrophoto-
metric method (acc. to the Polish Standard PN-A-75112), based on Griess
reaction. The determination consisted in diazotization of sodium nitrate III
with sulfanilamide (Griess reagent I) and mixing with N-1-naphtylethylene-
diamine (Griess reagent II). The product of this reaction was two-phase,
red-violet dye, whose color intensity was measured spectrophotometrically.
Nitrates V were determined through direct reduction with cadmium to ni-
trates III.
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For determination of lead and cadmium, the samples were pre-dried
a drier at 60oC for 24 h, and then dried at 105oC for another 24 h. After-
wards, the samples were weighed, mineralized in a muffle furnace at 450oC
and solubilized in 6 N of spectrally pure hydrochloric acid. The mineralizate
was determined for the content of heavy metals with the AAS method after
dry mineralization (acc. to the Polish Standard PN-EN 14082), using a UNI-
CAM 939 spectrometer. Lead content was assayed at λ=217.0 nm, whereas
cadmium content – at λ=228.8 nm. The analytical range for Pb2+ and Cd2+

was: 0-50 µg dm–3 and 0-5 µg dm–3, respectively.
The results were subjected to statistical analysis using Statistica ver. 5

software. The significance of differences between mean values was deter-
mined with the one-way analysis of variance test ANOVA.

RESULTS AND DISCUSSION

The 5-month storage period depressed (by ca 65±5%) the content of ni-
trates V in heads of savoy cabbage and Brussels sprouts (Table 1). In con-
trast, about a 2-fold increase in the concentration of these compounds was
determined in Chinese cabbage and a similar tendency was observed in the
case of white cabbage. Slightly different dependencies were noted while ana-
lyzing the impact of the 5-month storage on the content of nitrates III. The
storage was observed to cause a significant increase in nitrates III  in the
analyzed vegetables, except for red cabbage, in which the concentration of
these compounds decreased by about 40% (p=0.05) – Table 1. In turn, the
biggest increase, by about 5-fold, in the concentration of nitrates III was
determined in white cabbage, whereas the smallest one occurred in Brus-
sels sprouts (ca 2-fold).

The binding EU regulations (Regulation…2006) limit the level of nitrates
V only in vegetables, i.e. in lettuce and spinach. According to the previous
Regulation of the Minister of Health (2003), the permissible level of these
compounds in Brassica vegetables is 750 mg kg–1 f .w.

The content of nitrates V in both fresh and stored vegetables was far
below the level of 750 mg kg–1 f.m., except in Chinese cabbage. The pre-
treatment of vegetable samples may have lowered the content of nitrate
compounds, which are easily water soluble (MONDY, MUNSHI 1990). The stored
Chinese cabbage was characterized by a high content of nitrates V, reaching
953.7 f.w. This might have resulted either from the excessive fertilization or
from neglecting the pre-harvest interval.

LISIEWSKA and KMIECIK (1991) report that the accumulation of nitrate com-
pounds is affected by light. Diminishing the light intensity or exposure time
may increase the content of nitrates V in vegetables, because a deficient
content of carbohydrates produced under insufficient light might be the fac-
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tor diminishing the reduction rate of these compounds. This factor might
have caused an increased content of nitrates V and III in the vegetables
analyzed in this study (Table 1).

Among the investigated Brassica vegetables, Chinese cabbage had the
highest concentration of nitrates V (Figure 1). In contrast, the lowest con-
centration of NO3

– ions was noted in white, savoy and red cabbage, with
the value being about 45±5% lower than in Chinese cabbage (p=0.05). In

Fig. 1. The mean nitrates V content in the selected Brassica vegetables (mg kg–1 f.w.)

respect of nitrates III, their highest concentration was noted in savoy cab-
bage, higher than in white cabbage, Chinese cabbage or Brussels sprouts
(Figure 2). The values were statistically significant and the differences
reached about 50%. Red cabbage was characterized by a significantly lower
(by 13%) content of nitrates III than savoys cabbage, and lower (by 50%)
content of these compounds than in the other analyzed vegetables (Figure 2).

The content of nitrates V determined in this study was seven-fold lower
than the value reported by MURAWA et al. (2008). Those authors determined
the content of nitrates V in white cabbage at the level of 2 642.7 mg kg–1

f.m. In turn, the concentration of nitrates III reported by these authors
equalled 0.13 mg kg–1 f .w., which exceeded by about 2.4-fold the values
presented in Table 1. The research by LISIEWSKA and KMIECIK (1991) indicates
that the content of nitrates V in savoy and red cabbage were higher by70%
and 20%, respectively, than in the raw material analyzed in the present
research. With respect to white cabbage, the results were comparable, where-
as Brussels sprouts were characterized by a lower concentration of NO2

–

ions when compared to the values reported in our study. This might have
been due to the stage of plant vegetation, for example, because the highest
concentration of these compounds is observed in the early developmental
stages, when the level of carbohydrates, the major source of energy to their
reduction processes, is still low. According to AMR (2000) and MCKNIGHT et al.
(1999), vegetables grown in heated greenhouses are characterized by a high-
er content of nitrates than cultivated on a field or in a tunnel, owing to
lesser light intensity and higher nitrogen mineralization.

a, b, c – values marked with different letters differ significantly at p≤0.05

Chinese Brussels
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Apart from nitrogen compounds, another group of xenobiotics likely to
occur in plants are heavy metals, e.g. lead or cadmium. The uptake of heavy
metals by plants is affected mostly by the grain size distribution of soil,
which determines its absorption, and by the content of organic matter. For
example, cadmium is very mobile in acid soils. The sources of cadmium are
combustion of solid and liquid fuels, intensive fertilization with phosphate-
based fertilizers, application of calcium and magnesium fertilizers, agricul-
tural application of wastewater sludge, etc. The presence of lead is associat-
ed with the composition of soil, but unlike cadmium, lead is easily absorbed
by plants from soils poor in organic matter, especially at low pH (SCOTT et
al. 1996, VOUTSA et al. 1996, ZANIEWICZ-BAJKOWSKA 2002). When comparing the
concentration of the two heavy metals (Pb2+ and Cd2+) in the investigated
Brassica vegetables, the highest levels were determined in Chinese cabbage
(Figures 3, 4). In savoy, white and red cabbage, the concentrations of lead
and cadmium were on a similar level and reached 0.031±0.003 mg Pb kg–1

Fig. 2. The mean nitrates III content in the selected Brassica vegetables (mg kg–1 f.w.)

Fig. 3. The mean lead content in the selected Brassica vegetables (mg kg–1 f.w.)

c

a a

b

a, b, c – values marked with different letters differ significantly at p≤0.05

Chinese Brussels

a, b, c – values marked with different letters differ significantly at p≤0.05

Chinese Brussels

a
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f.w. and 0.018±0.002 mg Cd kg–1 f.w. Noteworthy is the fact that the per-
missible levels of lead and cadmium, i.e.  0.3 mg Pb kg–1 and 0.05 mg Cd
kg–1 (Regulation…2006) were not exceeded in any of the Brassica species
examined. Higher concentrations of heavy metals in Chinese cabbage than
in collards were determined by BAHEMUKA and MUBOFU (1999). According to
those authors, this was due to the differences in the morpho-physiological
characteristics of vegetables, which was confirmed by SINGH and KUMAR (2006).
In turn, as claimed by TAHVONEN and KUMULAINEN (1995), the accumulation of
heavy metals depends on the part of a plant (roots>leaves>fruit>seeds), as
well as the species or variety of plants cultivated under the same condi-
tions. WONG et al. (1996) underlined the fact that Chinese cabbage belongs
to vegetables characterized by higher accumulation of lead than other heavy
metals, including cadmium, copper, zinc or nickel. This has been confirmed
in the reported study, where the analyzed samples of Chinese cabbage had
a higher concentration of lead than cadmium (Tables 2 and 3).

The availability of heavy metals is also greatly affected by environmen-
tal pollution. In a study by GONTARZ and DMOWSKI (2000), cabbage samples
were characterized by the lead content of 0.45 mg kg–1 f.w. Such a high
concentration of lead, exceeding the permissible level of contamination,
might have resulted from the fact that these vegetables were cultivated in
the vicinity of metal smelting plants, i.e. in an area with increased environ-
mental pollution. According to the Regulation of the Minister of Health (2002),
the content of lead in soil in industrial areas should not exceed 600 mg kg–1.
However, the content of lead in soils in the industrial areas, although below
the stipulated permissible levels, is twice as high as in unpolluted regions,
including the region of Lubelszczyzna.

As mentioned earlier, the uptake of elements is linked directly with
their solubility, which in turn is affected by the following properties of soil:
pH, content of organic matter, texture and redox potential. Hence, of out-
most significance is the application of appropriate agricultural practices, es-
pecially rational organic and mineral fertilization. BEDNAREK et al. (2007) de-

Fig. 4. The mean cadmium content in the selected Brassica vegetables (mg kg–1 f.w.)

a, b, c – values marked with different letters differ significantly at p≤0.05

Chinese  Brussels
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termined the content of cadmium in white cabbage to reach 0.006-
-0.028 mg kg–1, similar to our results. The latter authors also observed
a significant correlation between the accumulation of this element in Brassi-
ca vegetables and its presence in soil (correlation coefficient 0.662). The low
content of cadmium in the analyzed vegetables may indicate a low pollution
level of the environment where they were cultivated, which is undoubtedly
typical of the region of Lubelszczyzna, and good agricultural practice (fertili-
zation in particular). It is a very positive finding, showing that producers
adhere to the guidelines of the rational cultivation of vegetables sold on the
market.

The analyzed Brassica vegetables were observed to be characterized by
diversified tendencies for lead and cadmium accumulation in storage organs,
as affected by the process of storage. After the 5-month storage period, the
highest, about 10-fold, increase (per fresh weight) in the content of both
lead and cadmium was noted in Chinese cabbage, whereas the smallest in-
crease (by about 25%) appeared in savoy cabbage (Tables 2, 3). The content
of these elements in the other analyzed Brassica vegetables was also signifi-
cantly higher, reaching 80±15% in white cabbage. In Brussels sprouts, it
was 3.5±0.5-fold higher after the storage, and in red cabbage it rose by
2.5±0.5-fold. Such a high increase in Pb2+ and Cd2+ in the analyzed vegeta-
bles after the five-month storage was likely to be due to high water loss,
which reached about 14% in Chinese cabbage. In the other vegetables, the
water loss equalled to 10% in Brussels sprouts, 4.5% in red cabbage, and
1±0.5% in white and savoy cabbage.

CONCLUSIONS

1. The 5-month period of storage caused a decrease (by ca 65±5%) in the
content of nitrates V in savoy cabbage heads and in Brussels sprouts. In
contrast, a 2-fold increase in the concentration of these compounds was not-
ed in Chinese cabbage, and a similar tendency was observed in white cab-
bage.

2. Chinese cabbage turned out to be the richest in the undesirable sub-
stances and characterized by an exceeded permissible level of nitrates V
(750 mg kg–1 f.w.) as well as the highest, ca 10-fold, increase in the content
of lead and cadmium after storage.

3. Storage caused a significant increase in the concentration of nitrates
III in all the analyzed vegetables except red cabbage, in which the level of
these compounds decreased by ca 40%.

4. In order to prevent excessive accumulation of nitrates V and III, Pb2+

and Cd2+ in the food chain of man, it seems necessary to monitor regularly
their levels in tissues of edible plants.
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Abstract

The paper outlines a concept related to selecting a site for experimental purposes.
Selection of an experimental plot most frequently relies on performing visual evaluation of
a given site, followed by the establishment of a field trial. In general, the question of geo-
chemical variability is ‘intentionally’ postponed! Verification of this approach has been un-
dertaken, testing such parameters as soil pH and exchangeable aluminum (Alex) versus
spatial (investigated area, 12 672 m2) and downward (sampling depths, i.e., 0-20, 20-40 and
40-60 cm) distribution. Winter wheat biomass at tillering (BBCH29) and grain yield at ha-
rvest (BBCH99) were additionally considered. The results have revealed that pH values
fluctuated between 3.6 and 4.4 with respective coefficients of variation (CV) ranging from
3.10 to 5.92%. The concentrations of Alex ranged from 38.0 to 144.9 mg kg–1, correspon-
ding to CV within 28.34 and 44.03%. The variograms and geostatistical maps have demon-
strated the spatial as well as downward variability of these parameters. The spatial distri-
bution of plant biomass followed quite closely the exchangeable aluminum (Alex) levels,
which implies that natural soil parameters such as Alex are not easily compensated for by
agricultural practices, for instance nitrogen application. The spatial grain yield – Alex de-
pendence which emerged at harvest confirmed the variability observed at tillering
(BBCH29). Thus, the spatial variability of pH, Alex and wheat biomass as well as grain
yields (BBCH99) verified the approach to selecting an experimental site. It was demonstra-
ted that selection of a research site on the basis of its appearance and shape alone may
lead to misinterpretation of experimental results.

Key words: exchangeable aluminum, pH, wheat biomass, grain yield, spatial variability,
geostatistics.
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WP£YW GLINU NA PRZESTRZENN¥ ZMIENNOŒÆ BIOMASY I PLONU ZIARNA
PSZENICY OZIMEJ NA GLEBACH UPRAWNYCH:

KONCEPCJA I BADANIA TERENOWE

Abstrakt

Praca przedstawia koncepcjê zwi¹zan¹ z wyborem stanowiska na cele doœwiadczalne.
To podejœcie opiera siê na czêstej ocenie wzrokowej danego stanowiska, a dalej – za³o¿eniu
doœwiadczenia polowego. Zmiennoœæ geochemiczna bywa generalnie „celowo” od³o¿ona!
Przedstawion¹ koncepcjê zweryfikowano za pomoc¹ parametrów, takich jak pH oraz za-
wartoœæ glinu wymiennego (Alex), pod wzglêdem przestrzennym (pole badawcze 12 672 m2)
i w g³¹b profilu glebowego (warstwy gleby: 0-20, 20-40 i 40-60 cm). Nastêpnymi parametra-
mi do opracowania przestrzennej zmiennoœci by³y biomasa pszenicy ozimej w fazie krze-
wienia (BBCH29) oraz plon ziarna w fazie dojrza³oœci pe³nej (BBCH99). W badaniach wy-
kazano, ¿e wartoœci pH waha³y siê miêdzy 3,6 a 4,4, a odpowiednie wspó³czynniki
zmiennoœci (CV) wynosi³y 3,10-5,92%. W przypadku Alex, jego zawartoœæ zmieni³a siê w sze-
rokich granicach (38,0-144,9 mg kg–1), co odpowiada³o wartoœciom CV od 28,34 do 44,03%.
Opracowane wariogramy oraz mapy geostatystyczne wyraŸnie podkreœla³y zmiennoœæ za-
równo przestrzenn¹, jak i w g³¹b profilu glebowego badanych parametrów. Przestrzenne
rozmieszczenie biomasy roœlinnej postêpowa³o zgodnie z zawartoœci¹ Alex. Oznacza to, ¿e
naturalne czynniki glebowe, jak Alex, nie s¹ ³atwo zrównowa¿one zabiegami agrotechnicz-
nymi, np. nawo¿eniem azotowym. Przestrzenna zale¿noœæ: plon ziarna – Alex, która ujaw-
ni³a siê w fazie ¿niw, potwierdzi³a zmiennoœæ zaobserwowan¹ w fazie krzewienia (BBCH29).
Zatem przestrzenna zmiennoœæ pH, Alex oraz zarówno biomasy pszenicy, jak i plonów ziar-
na (BBCH99) zweryfikowa³y koncepcjê zwi¹zan¹ z wyborem stanowisk na cele badawcze.
Wykazano, ¿e wybór stanowiska badawczego oparty tylko na wygl¹dzie terenu i jego kszta³-
cie mo¿e doprowadziæ do b³êdnej interpretacji danych eksperymentalnych.

S ³ o w a  k l u c z o w e : glin wymienny, pH, biomasa pszenicy, plon ziarna, zmiennoœæ
przestrzenna, geostatystyka.

INTRODUCTION

The evaluation of agricultural practices requires good knowledge
of mechanisms which control the geochemistry of minerals and interact with
soil spatial variability (BUCHTER et al. 1991, DIIWU et al. 1998, HUANG et al.
2001, KIRCHMANN, THORVALDSSON 2000). The growth of crops is conditioned main-
ly by natural factors, of which climate and soil cover are dominant. For
instance, poor soil fertility prevents crops from reaching the maximum
growth and therefore impairs yields (KATYAL 2003). There have been reports
that poor soil fertility leads to sparse plant cover, which promotes erosion,
especially that  90% of plant available N and S, 50-60% of K, 25-30% of P
and almost 70% of micronutrients are found in organic matter (STEVENSON,
COLE 1999, PUGET, LAL 2005, DOLAN Et al. 2006, MAIA et al. 2010). It is com-
monly held that samples taken close to one another have more similar prop-
erties than distant ones. However, classical statistics, where measured data
are independent, is not in line to analyze the spatial dependency of a varia-
ble (BREJDA et al. 2000). At present, tools are needed to evaluate soil re-
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sources in terms of spatial and temporal changes in soil quality in order to
ascertain sustainability of farm practices (CORVIN, LESCH 2005, FLORIN et al.
2009).

The advent of precision agriculture and the environmental impact
of excess nutrients encourage the application of geostatistical procedures for
describing physical and chemical parameters and, on the other hand, nutri-
ent spatial distribution in arable areas (YANG et al. 1995, NEWMAN et al. 1997,
BORUVKA et al. 2005, VERMA et al. 2005, YANG, ZHANG  2008, DONG et al. 2009).

Traditionally, a field is regarded as a homogeneous unit. Thus, the agri-
cultural  practice and levels of inputs are basically uniform across a whole
field, although it has long been known that yields can vary greatly within
a field and that the intra-field yield variation is caused by variation in soils,
years and soil x year interactions (MERCER, HALL 1911, JOERNSGAARD, HALMOE

2003, PANAYIOTOPOULOS et al. 2004). Selection of an arable area for experi-
mental trials continues to be a challenge due to several constraints, i.e. (i)
preceding crops, (ii) size of plots, (iii) date when a field trial begins, (iv)
tillage characteristics, (v) soil physical and chemical ‘homogeneity’. Whereas
points (i) to (iv) are mostly modifiable and controllable, it appears that a more
complex point (v) needs some operational approach, which will minimize
(intentionally) soil heterogeneity. Therefore, the subjective assumption im-
plying that an experimental area is morphologically homogeneous (except
a slope), and therefore is expected to comply with experimental principles,
has been broadly accepted. The same concerns mineral elements, including
plant nutrients, generally considered geochemically homogeneous, both spa-
tially and downward. Chemical soil tests performed before a field trial deal
most specifically with liming evaluation and/or supplementation with macro-
and micronutrients, but are less concerned with their in-field variability.
The latter, however, is practically decisive for assessing plant biomass and
yield stability structure on a small or large scale.

Acid soils are frequently low in calcium and magnesium but contain
appreciable concentrations of aluminum in exchangeable and/or active forms.
The problem of nutrient supply to growing crops surpasses the question of
balanced amounts of applied fertilizers, as it also involves crop accessibility
to soil natural nutrient pools (JANIK 2008, W£ODARCZYK et al. 2008). The latter
is strictly connected with the growth of the root system in soil. There are
some factors limiting roots’ accessibility to nutrients even in soils of high
natural fertility, the most important ones being soil acidity and related alu-
minum phytotoxicity (KIDD, PROCTOR 2001, ATKINSON et al. 2005). Spatial dis-
tribution of soil reaction (i.e. pH) and aluminum may probably reflect yield
and plant biomass characteristics.

The purpose of the current paper has been to outline the problem of field
variability that experimenters frequently face when selecting a site for tri-
als. Most specifically, soil pH and exchangeable aluminum concentrations
were the parameters considered in this study. The verification of this con-
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cept was additionally undertaken by applying geostistical tools for evaluat-
ing winter wheat biomass at tillering (BBCH29) and grain yield at harvest
(BBCH99).

MATERIAL AND METHODS

Field description
The experimental site was selected in the late summer 2006 and field

trials were established at the same time in Gluszyna Lesna (52o14, N and
16o56, E), on a 300 hectare agricultural farm near Poznan (Poland). Soils
under these trials belong to the agronomical categories comprising soils from
IV to V classes, i.e. mostly sandy ones, vulnerable to chemical degradation,
with low pH and relatively high concentrations of exchangeable and active
forms of aluminum. The site for establishing the field trial was selected
‘visually’ by surveying the whole area (i.e. 300 ha) – Photo 1.

A site of 144 m x 88 m (i.e. 12 672 m2) was delimitated and divided into
16 plots of 30 m x 22 m (i.e. 600 m2). Technical paths occupied 3072 m2.

Photo 1. Area selected 'visually' for a field trial
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Soil samples (initial samples) were collected at the depths 0-20, 20-40 and
40-60 cm within the respective 16 plots under the preceding crop (late sum-
mer, Photo 1) before agricultural practices (i.e. tillage, and winter wheat
sowing, Photo 2). Next, in the early spring 2007, the whole experimental
site was divided into 200 subplots (4 m x 12 m), where nitrogen (ammonium
nitrate) was applied in a dose of 120 kg ha–1 split as follows: 60 kg at
regrowth and 60 kg at ear formation. Soil and plant samples were addition-
ally collected at tillering (BBCH29) and at harvest (grain yields, BBCH99).

Photo 2. Experimental site preparation. 'Visually' homogeneous

Soils chemical analysis
Prior to chemical analyses, soil samples were air-dried, crumbled to pass

through a 1.0 mm screen and stored in plastic bags. The pH was deter-
mined potentiometrically according to Polish Standard (1994) in 1.0 mol KCl
dm–3. Exchangeable aluminium (Alex) was determined according to LOGAN et
al. (1985) and FILIPEK (1999), by applying 1 mol KCl for displacing Al ions.
Recovered extracts were divided into two aliquots, of which one was directly
titrated to determine the concentrations of H and Al, whereas the other one
was titrated after Al precipitation with NaF. Exchangeable Al was obtained
from the difference between these chemical tests. All analyses were per-
formed in duplicates.
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Geostatistical analysis
Data analyses were conducted in three steps: 1) normality tests (Kol-

mogorov-Smirnov test); 2) distribution by classical statistics (mean, mini-
mum, maximum, standard deviation, coefficient of variation, skewness, kur-
tosis); 3) contour maps showing the spatial distribution of each tested
variable. The best results were obtained by applying semivariogram analy-
sis. In our study, the number of observations at the onset of the field trial
was 16, for both pH and exchangeable aluminum (Alex) in each layer of soil.
In such a case, the minimum curvature methods generally give good re-
sults. The principle of minimum curvature is two-dimensional interpolation,
which allows drawing reasonable maps of geophysical data. As BRIGGS puts
it, ‘results are‘ not always as a draftsman would have them, but are an
adequate substitute in most cases’ (BRIGGS 1974). Spatial variability with in-
terdependence is commonly described with a semivariogram (WARRICK et al.
1986, GOOVAERTS 1997, WEBSTER, OLIVER 2001). In geostatistics, the concept of
variance from classical statistics is extended to semivariance. Considering
a field experimental site with equally spaced samples and measurements of
soil properties Z, a set of values Z(x1), Z(x2)…Z(xn) at location x1, x2, xn
were obtained. The semivariance γ(h) is estimated as:
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where:
N(h) is the number of pairs separated by lag distance h; Z(xi) is a meas-

ured sample value at point i; and Z(xi  + h) is a measured sample value at
point i + h.

Semivariograms, which graph the semivariance between spatially sepa-
rate data points as a function of the distance, are well documented, particu-
larly for the spatial relationship of soil properties (WARRICK et al. 1986,
BUCHTER et al. 1991, BOCCI et al. 2000, FU et al. 2010). The creation of
a semivariogram requires a large number of observations. The number of
samples of plant biomass at tillering (BBCH29) and grain yield at harvest
(BBCH99) was 200. The same applied to the exchangeable aluminum (Alex)
content at both growth stages. A set of geostatistical maps is reported in the
current paper.

RESULTS AND DISCUSSION

Soil pH – spatial and downward variability
The most striking finding about the soil of the experimental site was

that it was very acid even far in the depth (Table 1) and the pH values
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showed limited spatial variability. These observations were supported by the
coefficients of variation (CV) ranging from 3.10 to 5.92% for the whole in-
vestigated area. This was practically unexpected for such a relatively large
area (ca 12 672 m2) subjected to intensive agricultural practices for a year.
As it could be observed, the skewness is close to zero, which – along with
the median quite similar to the mean – implies that the distribution of pH
values within the soil layers is symmetric to the mean value. The same
applies to kurtosis, which in fact assumed values different from zero. There-
fore, it can be claimed that the distribution of pH values for a given depth
does not differ from the normal distribution.

Such spatial distribution of pH values implies that pH homogeneity (in-
ter alia) should not be strictly taken into consideration when establishing
a field trial. According to YANG et al. (1995), conventional pH measurements
treat soil pH as a random, independent variable for providing the mean pH
of soil samples. This is assumed to represent the unsampled neighborhood.
However, the measurement will be inadequate if spatially dependent hetero-
geneity of the soil property exists among the samples. Surface horizons are
considered to exhibit more sensitivity to external influence (acid deposition,
liming, N-fertilization) and their spatial variation is stronger (BORUVKA et al.
2005). But in the deepest mineral horizons, the effect of pedogenetic proc-
esses is more important, so it is difficult to clearly distinguish between ef-
fects of the particular factors. This has been illustrated by the spatial distri-
bution of pH values as shown in Figure 1 for the layers 0-20, 20-40 and
40-60 cm. Moreover, correlation coefficients established for pH values be-
tween investigated soil layers exhibited the following values: 0-20 cm versus
20-40 cm: r=0.59; 20-40 cm versus 40-60 cm: r=0.62. It means, that pH values
in the soil layer 0-20 cm are significantly positively correlated with those
recorded for the 20-40 cm layer. The same applies to 20-40 cm and 40-60 cm.

������

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

�	���

���
���� ��
���  �
�  ��� �� � !" � �#� ������$� �
��	��%

&'(& ) * ) * � * � + '� & &� * ', &- +) &

&+(&' & + & + � * + + +' & ') , *� & �� &-

&�(&+ & + & + . * + + )� & �. + ,& & ,, &-

�� /��
	�
���������	� �� ��
	�
�����	��
�
�����



222

0 20 40 60 80 100 120 140
0

20

40

60

80 4

4

3.6

3.9

4

4.1

3.9

3.9

4

3.8

3.9

3.9

3.8

3.8

3.8

3.8

3.5

3.6

3.7

3.8

3.9

4

4.1

4.2

4.3

0 - 20 cm

0 20 40 60 80 100 120 140
0

20

40

60

80 4

4.4

3.6

4.1

4.2

4.2

3.8

4

4.4

3.9

3.8

4

4.4

3.8

3.9

4.1

3.5

3.6

3.7

3.8

3.9

4

4.1

4.2

4.3

4.4

4.5

20 40 cm-

0 20 40 60 80 100 120 140
0

20

40

60

80 4.1

3.8

3.8

4.2

4.1

4.2

3.7

4

4.2

4

3.9

4.2

4.4

3.8

4

4

3.6

3.7

3.8

3.9

4

4.1

4.2

4.3

4.4

4.5

4.6

40 - 60 cm

Fig. 1. Spatial distribution of pH in the investigated area (88 m x 144 m)

4.0

4.0

4.0



223

Variability of exchangeable aluminum (Alex)
The verification of the concept was closely dependent on the concentra-

tions of exchangeable aluminum (Alex) in soils within the investigated area.
It was assumed that any chemical changes related to soil reaction (pH) may
be directly reflected by correspondingly high or low Al concentrations. More-
over, the geochemistry of this metal in arable soils is strictly connected to
its harmful impact on plants and this could be potentially expected under
such extremely acid growth conditions as the ones in our study.

Table 2 contains detailed data on Alex spatial variability. Noteworthy is
a wide range of the Alex content, especially in the deepest layer, i.e. 40-
-60 cm (27.20-144.90 mg kg–1), unlike in the upper horizon 0-20 cm (38.00-
-96.00 mg kg–1). Aluminum spatial variability (Figure 2) is well expressed by
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high coefficients of variation, whose values for the layers 20-40 cm and 40-
-60 cm are double the ones in the 0-20 cm layer. The positive skewness and
the fact that the medians were lower than the mean values are a proof of
non-symmetrical Alex distribution within particular soil layers. The acidifica-
tion as reported above is quite similar throughout the whole investigated
soil profile. This implies that chemical reactions in upper soil layers directly
influence geochemical processes located downward (RÖVER, KAISER 1999). The
same may be expected for aluminum, since its leaching or mobility in soil is
strictly controlled by pH. Correlation coefficients obtained for the pairs
0-20 cm versus 20-40 cm and 20-40 cm versus 40-60 cm were respectively:
r=0.72 and r=0.40. In practice, these results deserve attention when estab-
lishing a young plant stand within the layer 0-40 cm. While planning the
horizontal (spatial) and vertical (downward) management of these soils, we
must take into consideration the actual ‘non-homogeneity’ of the soil.

The spatial studies that are most often cited deal with large or very
large areas considered to represent a given soil or plant parameter (HUANG

et al. 2001, TURGUT et al. 2008, KOBIERSKI et al. 2011). This approach has
been exploited for several reasons, e.g. (i) the magnitude of an area to be
investigated, (ii) reliability on previously elaborated soil agronomical classes,
and (iii) intentional assumption that the area is homogenous! Such consider-
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ations may be disastrous in terms of plant response to Al phytotoxicity and
further disorders in the plant growth. On average, the coefficient of varia-
tion (CV) is ca 40%, which seems relatively high for an area of 12 672 m2.
The spatial variability of exchangeable aluminum (Alex) within such a rela-
tively small area confirmed that the concept of selecting an experimental
site most frequently based on visual appreciation/selection followed by agri-
cultural practices may explain the up-to-date irregularities in harvested crops
(BOUMA 1997, SAWYER et al. 2004).

 Aluminum-induced biomass and grain yield spatial variability
Two phenological stages have been selected for this purpose, i.e., tiller-

ing (BBCH29) – Figure 3, when winter wheat growth is intensive, and har-
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vest (BBCH99) – Figure 4, so as to obtain a more detailed view on grain
yield spatial distribution. As shown in Figure 3, the plant biomass spatial
distribution resembled the distribution of exchangeable aluminum (Alex) con-
centrations, implying that natural soil parameters such as aluminum are
not easily compensated for by agricultural practices, for instance nitrogen
application. The distribution of both variables, i.e. winter wheat biomass
and Alex, is spatially dependent. It seems that the visual homogeneity, pre-
viously considered as a site selection criterion, may not give a true picture
of intra-field variability, which affects wheat biomass. For example, most of
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the high positions expressing the highest biomass corresponded with the
lowest zones of Alex concentrations. This implies that biomass spatial varia-
bility was closely dependent on exchangeable aluminum concentrations, i.e.,
naturally controlled.

Studies dealing with spatial variability of wheat yields are scarce (MO-
HAMMADI 2002, WASHMON et al. 2002, CASA, CASTRIGNANÒ 2008) as compared to
those concerning soil chemical properties, for instance plant nutritional sta-
tus. The grain yield – Alex spatial dependence (Figure 4) which emerged at
harvest is a topic rarely investigated by soil scientists or agronomists. The
maps shown in Figure 4 were drawn by using the kriging method and pa-
rameters of semivariograms are summed up in Table 3. Until now, exten-
sion services have dealt with field heterogeneity by elaborating composite
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soil samples consisting of a number of cores collected from ‘visually homo-
geneous’ agricultural lands. This practice ‘intentionally’ excludes spatial var-
iability, first from soil chemical properties and next from plant biomass as
well as yields (roots, grains). Yield increase and/or decrease is a direct con-
sequence of inherent aluminum spatial variability, which most frequently is
not included in a crop production forecast.

CONCLUSIONS

1. The experimental site for verifying the concept was selected via visu-
al observation. This approach imitated in situ conditions frequently faced by
field experimenters and agronomists.

2. The data have shown that pH values fluctuated between 3.6 and 4.4
with coefficients of variation (CV) ranging from 3.10 to 5.92%. In the case
of Alex, its concentrations ranged from 38.0 to 144.9 mg kg–1, corresponding
to CV within 28.34 and 44.03%.
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3. Variograms and geostatistical maps generated on the basis of pH and
Alex have emphasized the spatial as well as downward variability of these
parameters. These characteristics outline the complex nature of biogeochem-
ical reactions in arable soils.

4. Plant biomass spatial distribution resembled the distribution of ex-
changeable aluminum (Alex) levels. The spatial variability of Alex and wheat
biomass (BBCH29) as well as grain yields (BBCH99) rather than pH variabil-
ity confirmed our concept related to the selection of sites for experimental
purposes.
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EFFECT OF FERTILIZATION
WITH FARMYARD MANURE, MUNICIPAL
SEWAGE SLUDGE AND COMPOST FROM

BIODEGRADABLE WASTE ON YIELD
AND MINERAL COMPOSITION

OF SPRING WHEAT GRAIN
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Abstract

Both deficiency and excess of mineral components in cereal grain may impair its bio-
logical value, later interfering with the metabolic processes occurring in animal and hu-
man organisms. Potential accumulation of undesirable components in biomass should be
taken into consideration since such compounds occur in large amounts in waste material.
Therefore, it is necessary to assess the effect of waste-based fertilizers on both the amo-
unt of generated biomass and its chemical composition. The present investigations were
conducted to determine the effect of fertilization with farmyard manure, municipal sewage
sludge and compost from biodegradable materials on the yield and mineral composition of
spring wheat grain. The field investigations ran for three years. Nitrogen in wheat grain
was assessed using Kjeldahl’s method, phosphorus by colorimetry, sulphur, copper, manga-
nese and zinc by the ICP-AES method, and potassium, magnesium and sodium by flame
photogrammetry. In the first year, organic fertilizers were observed to be less stimulating
to yield formation than mineral fertilizers. Although the uptake of N, P and K from the
applied organic fertilizers was impeded, their deficiency in wheat grain was preventable by
balancing doses of these components. Despite different amounts of magnesium, sodium
and sulphur applied to the soil with the fertilizers, the concentrations of these elements in
grain were considerably stable in the years of the investigations. Copper and manganese
concentrations in wheat grain were deficient, which significantly depressed grain fodder
value and might indirectly determine the crop yield.

Key words: fertilization, sewage sludge, compost, mineral composition, spring wheat.
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WP£YW NAWO¯ENIA OBORNIKIEM, KOMUNALNYM OSADEM ŒCIEKOWYM
I KOMPOSTEM Z BIODEGRADOWALNYCH MATERIA£ÓW NA PLONOWANIE

I SK£AD MINERALNY ZIARNA PSZENICY JAREJ

Abstrakt

Zarówno niedobór, jak i nadmiar sk³adników mineralnych w ziarnie roœlin zbo¿owych
mo¿e obni¿yæ ich wartoœæ biologiczn¹, co mo¿e niekorzystnie wp³ywaæ na procesy metabo-
liczne u zwierz¹t i ludzi. Nale¿y braæ pod uwagê mo¿liwoœæ akumulacji niepo¿¹danych sk³ad-
ników w biomasie, gdy¿ takie zwi¹zki mog¹ wystêpowaæ w du¿ych iloœciach w odpadach
wykorzystywanych do nawo¿enia. St¹d te¿ konieczna jest ocena wp³ywu nawozów wytwa-
rzanych na bazie odpadów zarówno na iloœæ wytworzonej biomasy, jak i na jej sk³ad che-
miczny. Trzyletnie doœwiadczenie polowe wykonano w celu okreœlenia wp³ywu nawo¿enia
obornikiem, komunalnym osadem œciekowym oraz kompostem wyprodukowanych z mate-
ria³ów biodegradowalnych na plonowanie i sk³ad mineralny ziarna pszenicy jarej. Zawar-
toœæ azotu w ziarnie pszenicy oszacowano metod¹ Kjedahla, fosfor kolorymetrycznie, siar-
kê, miedŸ, mangan i cynk za pomoc¹ metody ICP-AES, natomiast potas, magnez i sód
z u¿yciem fotogrametrii p³omieniowej. W pierwszym roku stwierdzono, ¿e nawozy organicz-
ne mia³y s³abszy wp³yw plonotwórczy ni¿ nawozy mineralne. Pomimo ograniczonego pobo-
ru N, P i K z zastosowanych nawozów organicznych, mo¿na by³o zapobiegaæ niedoborom
tych pierwiastków w ziarnie przez bilansowanie dawek tych sk³adników. Mimo zró¿nicowa-
nych iloœci magnezu, sodu i siarki wprowadzonych do gleby wraz z nawozami, zawartoœæ
tych pierwiastków w ziarnie by³a znacz¹co stabilna w ci¹gu kolejnych lat badañ. Zawartoœæ
miedzi i manganu w ziarnie pszenicy by³a niewystarczaj¹ca, co znacz¹co obni¿y³o wartoœæ
paszow¹ ziarna pszenicy i mog³o mieæ poœredni wp³yw na plonowanie.

S³owa kluczowe: nawo¿enie, osad œciekowy, kompost, sk³ad mineralny, pszenica jara.

INTRODUCTION

Apart from the crop yield, another crucial aspect in the assessment of
the value of cereal grain used as animal fodder is its content of macro- and
microelements, which are  an important source of mineral substances for
animals. Concentrations of individual elements in cereal grain are highly
varied depending on a cereal species and its form, soil abundance in nutri-
ents, the weather conditions, plant protection and cultivation measures, in-
cluding fertilization (ŠRAMKOVA et al. 2009, GONDEK, GONDEK 2010). Fertiliza-
tion may have direct or indirect influence on yielding and mineral content
in grain by affecting speciation of elements in soil and the soil properties
(MIJANGOS et al. 2006, G£¥B, GONDEK 2008, RUTKOWSKA et al. 2009). Balanced
application of natural and mineral fertilizers improves crop yields and poses
no threat to the quality of biomass. The risk of adverse changes in yielding
and chemical composition of crops may arise from soil fertilization with
waste organic material whose chemical composition is not stable (GASCO,
LOBO 2007).

Both deficiency and excess of mineral components in cereal grain may
lead to its inferior biological value, thus disturbing the metabolic processes
in an animal fed such grain. Potential accumulation of undesirable compo-
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nents in biomass should be taken into consideration, since they may occur
in large quantities in waste material. Therefore, it is necessary to assess
the effect of these substances not only on the amount of biomass but also
on its chemical composition (KALEMBASA, MALINOWSKA 2009).

With high quantities of plant nutrients in natural and organic fertilizers
and waste organic material, fertilization with these substances on crop yields
and their chemical composition can be expected to produce beneficial effects.
This research was conducted to determine the effect of fertilization with farm-
yard manure, municipal sewage sludge and compost from biodegradable ma-
terials on the yield and mineral composition of spring wheat grain.

MATERIAL AND METHODS

The investigations were conducted as a field experiment set up 10 km
west of Krakow (49o59’ N; 19o41’ E) under moderate climate. The data ob-
tained from a meteorological station are presented in Tables 1 and 2. The
soil under the experimental field was classified as Stagnic Gleysoils (FAO

1998). Table 3 shows selected properties of the soil prior to the experiment.
The experiment was set up according to the randomized block method.

The plot area was 30 m2. The experimental design comprised 5 treatments
in four replications: without fertilization (0), NPK mineral fertilization  (M)
[110 kg N ha–1, 58.6 kg P ha–1 and 120 kg K ha–1]; swine FYM (SF) [14.30 t
ha–1 of fresh mass], municipal sewage sludge from a mechanical-biological
treatment plant (SS) [14.15 t ha–1 of fresh mass] and compost made from
plant and other biodegradable waste (C) [6.46 t ha–1 of fresh mass]. Selected
properties of the manure, municipal sewage sludge and compost are pre-
sented in Table 4.

Before the experiment (autumn 2004), the field was limed according to
half the value of hydrolytic acidity (962.0 kg CaO ha–1).

In the spring of the following year, after basic cultivation measures, the
plots were evenly covered with farmyard manure, sewage sludge or compost
and ploughed. Two weeks later, supplementary mineral fertilization was con-
ducted and the fertilizer was mixed with the soil using a cultivator and
harrow aggregate. The nitrogen dose supplied with the organic materials
was 110.0 kg N ha–1. Phosphorus and potassium were supplemented in min-
eral fertilizers to the equal level introduced with fertilizers in all the treat-
ments (except the control), [phosphorus to 58.6 kg P ha–1 as single super-
phosphate and potassium to 120.0 kg K ha–1 as 60% potassium salt]. In the
second and third year, doses of these elements were identical as in the first
year but were introduced only in the form of mineral fertilizers, applied in
order to supplement nutrients (nitrogen, phosphorus and potassium) removed
with wheat yield.
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The test plant was cv. Jagna spring wheat. In the first year, wheat was
sown on 7 April 2005, then  on 10 April 2006 and finally on 28 March 2007.
The plant density was 485 plants per 1 m2. During vegetation, chemical
preparations were applied to protect wheat from weeds (spraying with 1 dm3

ha–1 of Puma Universal herbicide, manufactured by Bayer CropScience,  and
1 dm3 ha–1 of Aminopielik Gold, manufactured by Makhteshim Agan Agro
Poland S.A.) and from fungal diseases (spraying with 1 dm3 ha–1 of Alert
375 S.C. fungicide, manufactured by Du Pont). The duration of the wheat
growth period in each year depended on the weather conditions. Wheat was
harvested at grain full maturity on 13 August 2005, on 3 August 2006 and
on 31 July 2007. In order to determine grain yield, wheat was gathered
from an area of 4 m2, separately from each plot.

Sewage sludge used for the experiment originated from a municipal me-
chanical and biological sewage treatment plant located in Malopolska. Com-
post was produced from plant and other biodegradable waste in a compost-
ing plant located in Krakow, using the MUT-Kyberferm technology. The types
and shares of waste in the composted biomass were:  25% grass, 20% wood
pellets; 20% leaves; 10% market waste; 5% tobacco waste and 20% coffee
production waste. Swine FYM was stored for 6 months on a manure plate.

The following were determined in the fresh samples of sewage sludge,
compost and manure: dry mass by drying at 105oC for 12 hrs, pH by poten-
tiometery, conductivity with a conductometer and total nitrogen content af-
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ter sample mineralization in concentrated sulphuric acid with Kjeldahl’s
method. Dried and ground material samples were used to determine the
content of organic matter through annealing and the content of minerals
after sample mineralization in a chamber furnace (at 450oC for 5 hrs) and
dissolution of the ash in diluted (1:2) v/v nitric acid. The phosphorus concen-
tration was assessed by colorimetry on a Backamn DU 640 spectrophotome-
ter and potassium was determined by flame photometry on a Philips PU
9100X apparatus. Heavy metal concentrations were determined using the
ICP-AES method on a JY 238 Ultrace apparatus. The analyses were con-
ducted according to the methodology described by BARAN and TURSKI (1996)
and KRZYWY (1999) and the results are given in Table 4.

Wheat grain was crushed in a laboratory mill. Afterwards, crushed wheat
grain samples were mineralized in concentrated sulphuric acid and nitrogen
was determined with Kjeldahl’s method. Sulphur was determined after min-
eralization of the material in concentrated nitric acid by with the ICP-AES
method. The remaining elements were determined after sample mineraliza-
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tion in  a chamber furnace (at 450oC for 5 hrs) and dissolving the residue in
diluted (1:2) nitric acid. Phosphorus was determined by colorimetry on
a Backman DU 640 spectrophotometer, whereas the concentrations of potas-
sium, magnesium and sodium were determined by flame photometry on
a Philips PU 9100X apparatus. The concentrations of copper, manganese and
zinc were determined using the ICP-AES method on a JY 238 Ultrace appa-
ratus. The analyses were conducted according to the methodology described
by OSTROWSKA et al. (1991).

Chemical analyses of the plant material were carried out in four repli-
cations, and the initial material (manure, sewage sludge, compost and soil)
was analyzed in two replications. A plant reference sample NCS DC733448
(China National Analysis Center for Iron &Steel) or a soil reference sample
AG-2 (AgroMAT) was assigned to each analyzed series and the result was
regarded reliable if the estimated determination error did not exceed 5%.

The results were verified statistically using two-way ANOVA (factors:
fertilization and years of the experiment) in a totally randomized design
using f-Fisher test. Significance of differences between arithmetic means was
verified on the basis of homogenous groups determined by Duncan’s test at
the significance level α<0.05. All calculations were made using Statistica
software (STANISZ 1998).

RESULTS AND DISCUSSION

The average spring wheat grain yield in the first year of the experi-
ment from the treatments with organic fertilization was lower, between
0.30 t and 1.06 t of dry mass ha–1, than the yield from the treatments where
mineral NPK (M) fertilizers had been applied (Table 5). With respect to or-
ganic fertilization treatments, the lowest grain yield was harvested after the
application of compost (C). In the third year, significantly the lowest yield of
spring wheat grain dry mass was obtained from the treatment where only
mineral fertilizers (M) had been used. An increase in wheat grain yield after
the application of swine FYM (SF), sewage sludge (SS) and compost (C) in
relation to the yield from the treatment where only mineral fertilizers (M)
were used was 25%, 9% and 26%, respectively.

Fertilization with organic material usually has a weaker effect on the
growth and development of plants than application of mineral fertilizers.
The so-called residual effect is frequently missing because a considerable
amount of nutrients from fertilizers is removed with harvest in the first
year. The present study demonstrates a weaker effect of organic fertilizers
than mineral ones in stimulating better yields. However, in the third year,
organic fertilizers proved to be more effective. These results do not com-
pletely coincide with the research by I¯EWSKA (2009), who demonstrated that
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higher doses of municipal sewage sludge significantly increased yields
of spring rapeseed and winter triticale grain in comparison with the yield
from plots receiving mineral fertilizers. Such a result did not occur when
composted sewage sludge had been applied. However, it should be empha-
sized that under controlled conditions (pot experiment) plants have optimal
moisture conditions, which may stimulate biochemical processes accelerat-
ing mineralization of organic matter supplied with the tested materials. Also
JAMIL et al. (2004) and KHAN et al. (2007) reported a beneficial effect of ferti-
lization with sewage sludge on wheat yielding. IBRAHIM et al. (2008), who
investigated compost fertilization on wheat yield, point to the fact that
amounts of nutrients supplied with fertilizers need to be balanced.

Concentrations of macroelements wheat grain dry mass from the treat-
ments where fertilization had been applied were as follows: nitrogen 19.0 g -
- 9.5 g kg–1, phosphorus 4.61 g - 5.01 g kg–1, potassium 3.97-5.32 g kg–1, mag-
nesium 0.83-1.13 g kg–1, sodium 0.02-0.06 g kg–1, sulphur 1.19-1.60 g kg–1

(Tables 6,7). Concentrations of nitrogen, potassium, magnesium and sulphur
were significantly varied between the years of the experiment. Higher con-
centrations of these elements were detected in the grain from the third
year of the research. The phosphorus and sodium concentrations in grain
did not differ significantly between the years.

The nitrogen concentration in the first year was markedly the highest
in wheat grain fertilized with mineral fertilizers, whereas in the third year
much larger quantities of this element were assessed in wheat grain from
the treatments where manure, sewage sludge or compost fertilization had
been applied in the first year (Table 6). However, the statistical analysis of
arithmetic means of the concentrations of this element in grain did not
confirm the significance of differences.

Concentrations of phosphorus in wheat grain were relatively stable, ir-
respective of the year or applied fertilization (Table 6). Despite the lack
of significant differences, there was a tendency towards increasing levels
of this element in grain from the treatment where only mineral NPK ferti-
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lizers (M) were used. The increase in P in wheat grain from this treatment
in the third year was over 7%. In the treatments where manure (SF) and
compost (C) fertilization was applied, the increase in P concentrations in
wheat grain in the third year versus the first one did not exceed 3.5%.
According to the Danish feeding standards for cattle, the phosphorus con-
centrations in grain determined in our study were satisfactory (MØLLER et al.
2000).

Potassium concentrations in spring wheat grain in the first year of the
experiment were significantly the lowest following the application of miner-
al fertilizers (M) and manure (SF) – Table 6. Wheat grain fertilized with
sewage sludge (SS) and compost (C) contained 8% and 9% more potassium,
respectively, than  the grain from the treatment where mineral fertilizers
(M) were used. In the third year of the experiment, the highest concentra-
tions of potassium were detected in wheat grain gathered from the treat-
ment where mineral NPK fertilizers (M) were applied. Assessment of the
fodder value of the analyzed material shows a deficient potassium concen-
tration in grain from the first year of the research (MØLLER et al. 2000).

Magnesium in grain from both the first and the third year of the inves-
tigations was on a similar level, independently of the applied fertilization
(Table 7). On average, the Mg content from all fertilized treatments in the
first year was 0.86 g kg–1 and in the third year – 1.09 g  kg–1 of grain.
Considering the fodder value, the magnesium concentration in grain from
the first year was deficient, irrespectively of the applied fertilization (MØLLER

et al. 2000).
Our results demonstrate a relatively high increase in the sodium con-

tent in wheat grain harvested in the third year in comparison to the first
year. Despite a considerable increase in this element, it continued to be
deficient in respect the fodder value (MØLLER et al. 2000). The applied fertili-
zation did not differentiate the Na content in grain (Table 7).
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The content of sulphur, like magnesium and sodium, was on a relative-
ly low level (Table 7), independently of the fertilizers used. However, it was
adequate considering the fodder value (MØLLER et al. 2000). Nonetheless, it
should be emphasized that an increased content of this element in wheat
grain (from 7% to 27%) was observed in the third year,  particularly after
the application of sewage sludge (SS) and compost (C).

Beside the crop yield, plant chemical composition is conditioned by many
factor s and their interactions. On the one hand, availability of nutrients is
limited by the soil properties. On the other hand, their uptake is deter-
mined by the plant’s genetic traits. Despite impeded  absorption of nitrogen,
phosphorus or potassium from organic fertilizers, by balancing their doses
introduced to soil it was possible to diminish differences in concentrations of
these components in wheat grain. Also, despite various amounts of magnesi-
um, sodium or sulphur brought to soil with fertilizers, their levels in grain
proved considerably stable in the years of the experiment, which was main-
ly because the wheat plants uptake of these elements was not excessive.
A study by BOWSZYS et al. (2006) shows that concentrations of macronutri-
ents are conditioned by the type of applied organic material and duration of
its activity. As the above authors claimed, nitrogen concentrations in barley
grain from treatments where composts were applied were higher only than
in grain from an unfertilized treatment. Mineral fertilizers affected most
strongly the concentration of this element. Fertilization with composts pro-
duced from municipal waste had no significant effect on concentrations of
phosphorus or magnesium in barley grain. Analogously, in the present ex-
periment (in the first year) the potassium content in spring wheat grain
was higher following the application of sewage sludge and compost than in
grain from the treatment receiving mineral fertilizers.

Zinc is important in plants, mainly because it co-activates many en-
zymes. In the first year of the experiment, the highest zinc concentrations
were found in wheat grain fertilized with mineral fertilizers NPK (M) and
compost (C) – Table 8. These concentrations differed significantly from the
ones in wheat grain fertilized with manure (SF) and sewage sludge (SS). In
the third year, the concentration of zinc content in grain increased marked-
ly after the application of mineral fertilizers (M), manure (SF) and sewage
sludge (SS) (the increases were 12.7%, 42.5% and 28.7%, respectively). With
respect to the fodder value, zinc concentrations were optimal (GORLACH 1991).

Copper also belongs essential elements in plants, as it is a component of
enzymes and proteins participating in many metabolic processes. The average
copper concentration in wheat grain harvested in the first and third year of
the experiment was 4.39 mg kg–1 of grain dry mass (Table 8), irrespectively
of the applied fertilization. A significant increase in this element in wheat
grain between the first and the third year was observed after manure (SF)
application. The lowest copper concentration in the third year was found in
grain from the treatment where only mineral fertilization has been applied
(Table 8). Considering the fodder value, copper content was low (GORLACH 1991).
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Manganese is equally important for good fodder value. Mn content in
the analyzed grain was low (GORLACH 1991). Fertilization with sewage sludge
(SS) and compost (C) favourably affected concentrations of this element. In
the third year, the Mn content decreased in comparison with the first year,
except the treatment where compost (C) had been applied. An average de-
cline in the grain manganese concentrations was 4.43 mg kg–1 of dry mass.

According to GORLACH (1991), both excess and deficiency of micronutri-
ents in fodders is dangerous to animals. The content and bioavailability of
micronutrients in soil are modified by many factors, such as soil pH, organ-
ic matter content, soil sorption capacity. But they also depend on the plant’s
ability for their absorption and on fertilization. A study by  RUSZKOWSKA et al.
(1996) demonstrated that producing long-term production of high yields re-
quires control over the plant supply with micronutrient, a conclusion which
supports the purposefulness of the present experiment.

The concentrations of all the analyzed micronutrients, except zinc, in
wheat grain were deficient, which evidently depresses the grain’s fodder val-
ue and may also indirectly affect the crop yield, especially that manganese
or copper are part of enzymes and proteins which participate in specific
metabolic processes (RÜEGSEGGER et al. 1990, PRASAD 1995, YERUELA 2005). Much
of these elements is arrested in the root system, which strongly inhibits
their transport to biomass, a source of animal feed (GONDEK, FILIPEK-MAZUR

2003). Limited bioavailability of these elements might have resulted from
the soil properties, particularly its sorptive characteristics. Lower copper
content in crop yields from highly productive fields was also pointed out by
CZUBA (1986). Our results demonstrated stronger influence of the applied or-
ganic materials than that of manure on the content of the analyzed micro-
nutrients in wheat grain.

Right proportions of the nutrients are crucial for assessment of biomass
fodder value. In the analyzed wheat grain, the of K : Mg ratio was relative-
ly stable and, independently of the year, ranged from 4.46 to 4.99 (Table 9).

The N:S ratio is important for the proper nitrogen economy in plant. In
the present investigations, values of this parameter in wheat grain harvest-
ed in the first year from the treatments fertilized with manure (SF) and
sewage sludge (SS) were 15.8 and 15.0 respectively (Table 9). A higher value
of this parameter was demonstrated for wheat grain fertilized with mineral
materials (M) and compost (C). In the third year, the value of this ratio
increased significantly in wheat grain from all fertilized treatments, which
resulted from the increase in nitrogen in grain. The highest increase in the
N:S value between the first and third year (by 23%) appeared in wheat
grain fertilized with sewage sludge (SS).

Significant diversification, both in the impact of the applied fertilization
and between the years of the research, was observed for the P:Zn ratio
(Table 9). In the first year, the highest value of this ratio was in wheat
grain fertilized with manure (SF) and compost (C). The lowest value was
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observed in wheat grain receiving mineral fertilizers. In the third year,  the
value of P:Zn ratio declined in grain from all the treatments. Statistically
significant differences were computed for all the treatments except the one
enriched exclusively with mineral NPK fertilizers (M).

CONCLUSIONS

1. In the first year of the experiment, organic materials were less effec-
tive than mineral fertilizers in stimulating higher yields. A superior yield
forming effect of organic materials compared with mineral fertilization was
obtained in the third year.

2. Balancing N, P and K dose, despite worse uptake of these compo-
nents from organic materials, minimizes the differences in their concentra-
tions in wheat grain.

3. Despite various quantities of magnesium, sodium and sulphur in or-
ganic materials, the content of these elements in grain remained considera-
bly stable in the years of the experiment.

4. The content of all micronutrients except zinc in wheat grain was defi-
cient, which evidently depressed the grain fodder value. It may have also
indirectly determined the crop yield.
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Abstract

Studies were conducted on samples of potato tubers harvested in a field experiment
carried out at Zawady Experimental Farm of the University of Natural Sciences and Hu-
manities in Siedlce in 2005-2007. The experimental design was a randomised complete block
in a split-plot arrangement with 2 cultivars (Irga and Balbina) as main plots, and 4 weed
control technologies (with the following herbicides: Plateen 41.5 WG, Racer 250 EC and
Sencor 70 WG) as subplots. There was also a control plot with no chemical control of we-
eds. The purpose of the study was to determine magnesium and calcium content in the
dry matter of edible potato tubers depending on weed control methods based on some her-
bicides. Magnesium and calcium content in the dry matter of potato tubers was determi-
ned by the AAS method. The content of the elements depended significantly on cultivars,
weed control methods and weather conditions during the growing season. The herbicides
Plateen 41.5 WG and Sencor 70 WG significantly increased the magnesium content in the
dry matter of the tubers of potato whose cultivation included weed control based on Racer
250 EC and control potato (only mechanical weed control). The highest magnesium con-
tent was determined in the tubers of potato sprayed with Sencor 70 WG (metribuzin) –
1.032 g kg–1, on average. Moreover, the experimental herbicides increased the tuber con-
tents of calcium compared with the control, by 0.016 g kg–1, on average. There were de-
termined different magnesium and calcium contents in the experimental cultivars. Balbina
accumulated more and Irga less magnesium and calcium, on average 1.138 and 0.575 g
kg–1 as well as 0.890 and 0.510 g kg–1, respectively. Weather conditions in the study years
significantly affected the potato tuber contents of magnesium and calcium.

Key words: magnesium, calcium, potato, herbicides.



248

ZAWARTOŒÆ MAGNEZU I WAPNIA W BULWACH ZIEMNIAKA W ZALE¯NOŒCI
OD ZABIEGÓW ODCHWASZCZAJ¥CYCH

Abstrakt

Badania wykonano na próbach bulw ziemniaka pochodz¹cych z doœwiadczenia polowe-
go przeprowadzonego w latach 2005-2007 w Rolniczej Stacji Doœwiadczalnej Zawady, nale-
¿¹cej do Uniwersytetu Przyrodniczo-Humanistycznego w Siedlcach. Eksperyment za³o¿ono
metod¹ losowanych podbloków. Czynnikami eksperymentu by³y: 2 odmiany ziemniaka ja-
dalnego – Irga, Balbina i 4 sposoby pielêgnacji z uwzglêdnieniem herbicydów: Plateen 41,5
WG, Racer 250 EC, Sencor 70 WG oraz obiekt kontrolny bez ochrony chemicznej. Celem
badañ by³o okreœlenie zawartoœci magnezu i wapnia w suchej masie bulw ziemniaka jadal-
nego w zale¿noœci od zabiegów odchwaszczaj¹cych z uwzglêdnieniem niektórych herbicy-
dów. Zawartoœæ magnezu i wapnia w suchej masie bulw ziemniaka oznaczono metod¹ ASA.
Zawartoœæ pierwiastków zale¿a³a istotnie od odmian, sposobów zwalczania chwastów i wa-
runków pogodowych w okresie wegetacji. Herbicydy Plateen 41,5 WG i Sencor 70 WG
wp³ywa³y istotnie na zwiekszenie koncentracji magnezu w suchej masie bulw ziemniaka
w odniesieniu do pielêgnacji z u¿yciem preparatu Racer 250 EC i obiektu kontrolnego (pie-
lêgnacji mechanicznej). Najwiêksz¹ zawartoœæ tego makrosk³adnika stwierdzono w bulwach
ziemniaka opryskiwanych herbicydem Sencor 70 WG (metribuzin) – œrednio 1,032 g kg–1.
Ponadto stosowane w doœwiadczeniu herbicydy wp³ywa³y na zwiêkszenie koncentracji wap-
nia w odniesieniu do obiektu kontrolnego, przeciêtnie o 0,016 g kg–1. Badane odmiany ró¿-
ni³y siê istotnie pod wzglêdem zawartoœci magnezu i wapnia, i wiêcej tych sk³adników gro-
madzi³y bulwy odmiany Balbina – odpowiednio 1.138 g kg–1 i 0,575 g kg–1, a mniej odmiany
Irga – œrednio 0,890 g kg–1 i 0,510 g kg–1. Warunki pogodowe w latach badañ istotnie
ró¿nicowa³y zawartoœæ magnezu i wapnia w bulwach ziemniaka.

S³owa kluczowe: magnez, wapñ, ziemniak, herbicydy.

INTRODUCTION

Plant-derived food is the major source of nutrients for man. One of such
plants is potato so potato tuber content of nutrients is very important
(BOLIG£OWA, DZIENIA 1999, NEMUTLU, ÕZALTM 2005, ABULUDE et al. 2006).

Potato tubers contain 1-1.2% mineral compounds, the most basic being
potassium, magnesium, calcium and phosphorus (KOLASA 1993). Macroele-
ments perform important building functions, are an integral part of enzymes,
and play an important role as regulators of metabolic processes (STEFAÑSKA

et. al. 2003). A recommended daily intake of  Mg and Ca by man is around
300-400 and 800-1000 mg, respectively (HENDRIX et al. 1995). Both the short-
age and excess of the elements result in disturbed metabolism in plants and
animals (SZYNAL, SYKUT 1992, RIVERO et al. 2003). Magnesium and calcium
contents in potato tubers are conditioned by varietal properties, soil, weath-
er conditions during growth and agrotechnological practices, including weed
control and mineral fertilization (BOLIG£OWA, DZIENIA 1999, MAZURCZYK, LIS 2001,
TEKALIGN, HAMMER 2005, GUGA£A, ZARZECKA 2009, MILES, BUCHMAN 2009,
WICHROWSKA et al. 2009). The literature on the subject reveals that the effect
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of herbicides on minerals in potato tubers or cereal grains has not been
fully explained and remains dubious (BRZOZOWSKA 2008, GUGA£A, ZARZECKA 2009).

Hence, the purpose of this study was to determine magnesium and cal-
cium contents in edible potato tubers depending on different weed control
methods incorporating some herbicides.

MATERIALS AND METHODS

Potato tubers were harvested in a field experiment conducted at the
Zawady Experimental Farm of the University of Natural Sciences and Hu-
manities in Siedlce over 2005-2007. The experiment was set up on the soil
of very good rye complex. Selected soil chemical properties prior to experi-
ment set-up are presented in Table 1. The experimental design was a ran-
domised complete block in a split-plot arrangement with 2 cultivars (Irga
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and Balbina, both mid-early cultivars) as main plots, and 4 weed control
practices as subplots (Table 2). The herbicides were applied prior to potato
plant emergence. The same farmyard manure amount of 25 t ha–1 was ap-
plied. Mineral fertilizers were applied at the following rates: 90 kg ha–1 N,
32.9 kg ha–1 P and 112.1 kg ha–1 K. The area of one plot was 25 m2. Pota-
toes were harvested at the technological maturity stage in early September.

Potato tubers, later used for chemical analysis, were sampled from plots
during harvest. Initially prepared samples (cleaned and mixed) were stored
till analysed (for two days) in paper bags at the temperature of 18-20°C.
Then, they were analysed for magnesium and calcium using atomic absorp-
tion spectrometry  – AAS (AZCUE, MURDOCH 1994). The chemical analyses were
performed on dry material in three replications. The material was washed
in tap and then distilled water and ground down. Next, it was dried until
a constant weight was reached initially at 70°C, and then 105°C. Dried pota-
toes (1.0 g of a sample) were ground and a mixture of HNO3 (7 ml) and
H2O2 (1 cm3) was added. Then, the plant material was mineralised in
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a laboratory oven Ethos plus during 1 cycle (0.5 h). Following filtration, mag-
nesium and calcium contents were determined. Mg and Ca contents are
expressed as g kg–1 dry matter.

The results of the study were statistically analysed by means of vari-
ance analysis. Mean separation between variables was obtained by Tukey’s
test at the significance level of p=0.05. Weather conditions the growing sea-
sons under study varied (Table 3).
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RESULTS AND DISCUSION

There are very few data in the literature concerning the influence
of plant protection agents, including herbicides, on mineral contents in pota-
to tubers (ABULUDE et al. 2006, ZARZECKA et al. 2009).

Under the conditions of the experiment discussed, the dry matter of pota-
to tubers contained between 0.875 and 1.149 g kg–1 magnesium (Tables 4, 5).
There was found a significant effect of cultivars, weed control methods and
weather and moisture conditions on magnesium concentration. Tuber content
of magnesium was similar to the values reported by other authors (BRETZLOFF

1971, YILDRIM, TOKUSOÐLU 2005, TEKALIGN, HAMMES 2005, ZARZECKA et al. 2009).
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The cultivars contained significantly different magnesium amounts; Bal-
bina accumulated more and Irga less magnesium, on average 1.138 and
0.890 g kg–1, respectively. Many workers (KARIM et al. 1997, GUGA£A, ZARZECKA

2009, MILES, BUCHMAN 2009) have found that potato tuber chemical composi-
tion is primarily influenced by the genotype.

Plateen 41.5 WG and Sencor 70 WG significantly increased magnesium
concentrations in potato tuber dry matter compared with Racer 250 EC and
the control (mechanical weed control). The tubers of potato sprayed with
Sencor 70 WG (metribuzin) contained most magnesium, on average 1.032 g
kg–1. Similar changes were reported by ZARZECKA and G¥SIOROWSKA (2000) who
used herbicide mixtures to control weeds in potatoes, and BRZOZOWSKA (2008)
who applied herbicides in winter wheat and examined its grain.
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Calcium content in potato tuber dry matter was 0.543 g kg–1, on aver-
age (Table 6). Similar tuber contents of this element were reported by KARIM

et al. (1997), KOLBE and STEPHAN-BECKMANN (1997), ZARZECKA and G¥SIOROWSKA

(2000). Statistical analysis confirmed that calcium content significantly de-
pended on the weed control methods, cultivars and weather conditions in
the study years.
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Herbicides increased calcium concentration compared with the control
where no chemicals were applied, by 0.016 g kg–1, on average. These find-
ings agree with earlier studies by ZARZECKA et al. (2002). What is more, in
the study by GUGA£A and ZARZECKA (2010), the herbicides they applied in field
pea cultivation increased seed contents of calcium compared with the con-
trol. By contrast, BRZOZOWSKA (2008) demonstrated that crop protection chem-
icals – herbicides – had no significant effect on calcium concentration in
winter wheat grain.

The genetic traits of the cultivars significantly determined calcium con-
tents. More calcium was accumulated by Balbina than Irga, on average
0.575 g kg–1 and 0.510 g kg–1, respectively. The cultivars responded with an
increased tuber content of calcium to the herbicides applied, however, there
was found no interaction between the experimental factors. The influence of
cultivar on calcium concentration has been reported by TEKALIGN and HAMMES

(2005), MILES and BUCHMAN (2009), ZARZECKA et al. (2009).
According to BAÆMAGA et al. (2007), pesticides applied under field condi-

tions to protect crops do not usually influence macroelements contents in
plants, but it is easier for a crop plant to take up more individual nutrients
when there is no competition with weeds.

In general, weather conditions in the study years significantly influenced
magnesium and calcium contents in potato tuber dry matter (Tables 5,7).
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Less magnesium and calcium were accumulated in 2006, when the weather
was wet and warm, and more in 2005 and 2007, when the temperature was
moderate and the rainfall was quite evenly distributed. The works by
ZARZECKA and G¥SIOROWSKA (2000) as well as WADAS et al. (2008) have con-
firmed that there is an effect of weather conditions on magnesium and cal-
cium contents

CONCLUSIONS

1. The herbicides Plateen 41.5 WG and Sencor 70 WG significantly af-
fected the potato tuber dry matter contents of magnesium and calcium. In
turn, Racer 25 EC had less impact, in particular on magnesium concentra-
tion.

2. Varietal traits influenced the concentration of both the elements. More
magnesium and calcium in tuber dry matter was determined in Balbina
compared with Irga.
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Abstract

Cu is a transition metal essential for every organism, but an excess can lead to toxici-
ty caused by oxidative stress, which can disturb the natural antioxidant defence systems.
Since catalase (CAT) is a major enzyme involved in the decomposition of oxygen peroxide,
the main goal of this study was to evaluate changes in the concentration and activity of
CAT by means of enzymatic and immunohistochemical methods. Modifications in the blood
biochemistry profile of Cu-exposed gilthead sea bream (Sparus aurata L.) were also stu-
died. In gills of the exposed fish, Cu significantly increased throughout the study to a ma-
ximum of 6.9±4.7 µg g–1 wet weight at the end of the treatment. Immunohistochemistry
(IHC) evidenced a brown cytoplasmic stain in the epithelial cells of the primary and secon-
dary lamellae and in pillar cells, while enzyme activity was localized in the epithelium and
pillar cells of both primary and secondary lamellae and appeared as a strong cytoplasmic
stain particularly at the base of the primary lamellae. IHC and enzymohistochemistry (EHC)
quantitative analysis suggested that the main variations in amount and activity of the en-
zyme were recorded 15 days after exposure (both IHC and EHC expressed a decrease in
CAT in exposed fish compared to controls, P<0.0001) and 28 days after exposure (IHC re-
corded increased CAT in exposed specimens compared to controls, P<0.0001; EHC eviden-
ced a decrease in CAT in exposed subjects compared to controls, P<0.0001). The biochemi-
cal blood profile was monitored with a standard blood biochemistry panel. An increase in
plasma urea was evident only in exposed fish, while – as a function of time – a decrease
of glucose in both exposed and control fish was apparent. The three investigation methods
evidenced that CAT was effective against Cu toxicity, and the increase in plasma urea co-
uld be considered a suitable metabolic marker of Cu exposure in fish.
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WP£YW MIEDZI W WODZIE NA KATALAZÊ W SKRZELACH I BIOCHEMIÊ
KRWI U DORADY (SPARUS AURATA L.)

Abstrakt

MiedŸ jest metalem przejœciowym niezbêdnym w ka¿dym organizmie, lecz jej nadmiar
mo¿e prowadziæ do skutków toksycznych powodowanych przez stres oksydacyjny, który za-
k³óca naturalne systemy obrony antyoksydacyjnej. Poniewa¿ katalaza (CAT) jest jednym
z g³ównych enzymów uczestnicz¹cych w rozk³adzie nadtlenku tlenu, g³ównym celem badañ
by³a ocena zmian zawartoœci i aktywnoœci CAT za pomoc¹ metod enzymatycznych i immuno-
histochemicznych. Badano równie¿ zmiany w biochemicznym profilu krwi u dorady (Spa-
rus aurata L.) poddanej dzia³aniu Cu. Stwierdzono znacz¹co wy¿sze stê¿enie tego metalu
w skrzelach ryb, na które oddzia³ywa³a miedŸ, a¿ do maksymalnej zawartoœci 6,9±4,7 µg g–1

mokrej masy pod koniec doœwiadczenia. Badania immunohistochemiczne (IHC) ujawni³y
br¹zow¹ plamkê cytoplazmatyczn¹ w komórkach nab³onka blaszek pierwszego i drugiego
rzêdu oraz w komórkach filarowych, podczas gdy aktywnoœæ enzymatyczna zosta³a zlokali-
zowana w nab³onku oraz w blaszkach pierwszego i drugiego rzêdu, i ujawni³a siê jako sil-
na plamka cytoplazmatyczna, szczególnie u podstawy blaszek pierwszego rzêdu. Analiza ilo-
œciowa wyników badañ IHC oraz enzymohistochemicznych (EHC) sugeruje, i¿ g³ówna
zmiennoœæ w iloœci oraz aktywnoœci enzymu nast¹pi³a w 15. dniu po ekspozycji (zarówno
IHC, jak i EHC wykaza³y spadek zawartoœci CAT u ryb wystawionych na dzia³anie Cu w po-
równaniu z kontrol¹, P<0,0001) oraz w 28. dniu po ekspozycji (IHC wykaza³o wzrost CAT
u ryb wystawionych na Cu w porównaniu z kontrol¹, P<0,0001; EHC ujawni³o spadek CAT
u ryb doœwiadczalnych w porównaniu z kontrol¹, P<0,0001). Biochemiczny profil krwi mo-
nitorowano za pomoc¹ standardowego zestawu biochemicznego krwi. Wzrost zawartoœci
mocznika we krwi ujawni³ siê jedynie u ryb poddanych dzia³aniu Cu, natomiast spadek
zawartoœci glukozy – z up³ywem czasu – wyst¹pi³ u ryb doœwiadczalnych i kontrolnych.
Trzy zastosowane metody badawcze udowodni³y, i¿ CAT skutecznie przeciwstawia siê tok-
sycznoœci Cu, a wzrost zawartoœci mocznika we krwi mo¿na uznaæ za odpowiedni marker
metaboliczny oznaczaj¹cy wystawienie ryb na dzia³anie miedzi.

S³owa kluczowe: miedŸ, Sparus aurata, katalaza, skrzela, biochemia krwi, immunohisto-
chemia, enzymohistochemia.

INTRODUCTION

Cu is an essential trace element for all organisms, but an excess can
result in reactive oxygen species (ROS) production (GAETKE, CHOW 2003) and
lipid peroxidation (HALLIWELL, GUTTERIDGE 1992). Recently, changes have been
reported in Sparus aurata in the expression of proteins involved in the in-
flammation/immunity network (ISANI et al. 2011).

Defense systems against oxyradicals include catalase (CAT) among other
enzymes. CAT is a Fe3+ dependent metalloenzyme fundamental to all living
organisms exposed to oxygen and is usually located in the matrix of cellular
peroxisomes (NOVIKOFF, NOVIKOFF 1973), where CAT has been immunohisto-
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chemically evidenced in primary cell cultures from fish (Danio rerio) (KRYSKO

et al. 2010). CAT is present in nearly all cells exposed to oxygen, but its
distribution in gilthead sea bream Sparus aurata (L.) gills is still unknown.
Gilthead sea bream was chosen as a model for our study due to the availa-
ble knowledge of its basic biochemical response to Cu (ISANI et al. 2003,
2011) and economic importance.

Since studies concerning blood biochemistry, immunohistochemistry (IHC)
and enzymohistochemistry (EHC) for CAT on fish tissues exposed to a toxic
amount of Cu are lacking, the aims of this work are: 1) to evaluate the
effects of Cu exposure on blood biochemistry; 2) to test the methods for
CAT location; 3) to show any variation in quantity and activity of the en-
zyme in S. aurata gills after Cu exposure.

MATERIALS AND METHODS

All experimental procedures were approved by the Ethics and Scientific
Committee of the University of Bologna and were carried out in accordance
with European legislation regarding the protection of animals used for ex-
perimental and other scientific purposes (Council Directive 86/609/EEC).

Experimental design
Eighty juvenile gilthead sea bream (S. aurata), average wt 65±5 g, were

obtained from farmed stock. The fish were maintained in ten 500L tanks (at
a density of eight fish/tank) filled with natural sea water taken from 300 m
offshore Cesenatico (FC, Italy). Before the experimental exposure, fish were
acclimatised for 15 days at 13°C and at a salinity of 32.0±2.6‰.

The work was performed during January-February 2009 when water
temperature drops below 13°C and S. aurata experience the natural period
of starvation (IBARZ et al. 2007). Therefore, fish were not fed throughout the
Cu exposure time avoiding water contamination and additional Cu intake
with the diet.

CuSO4 was added to 5 tanks (40 specimens) to give a nominal Cu con-
centration of 0.5 mg dm–3, while the fish in the other 5 tanks (40 speci-
mens) served as controls. The waterborne concentration of Cu was chosen
based on the evidence of previous studies (ISANI et al. 2003). Cu concentra-
tions in water were verified by atomic absorption spectrometry (AAS). On
day 0 (T0) prior to Cu exposure and after 15 (T1), 28 (T2) and 50 (T3) days
fish were randomly chosen from each tank, sacrificed and tissues immedi-
ately sampled for metal, IHC and EHC analysis.



258

Sample collection
Gills were sampled from 32 control and 24 exposed fish and divided into

two aliquots: 1) one for metal analysis was stored at -20oC; 2) the other one
was cut into halves, one for routine histology and IHC and the other for
EHC: the samples for histology and IHC were formalin-fixed and paraffin-
embedded, then processed according to routine procedures and cut at 4 µm;
one section was stained with Haematoxylin and Eosin (H&E) and a further
serial section was used for CAT IHC; for EHC, fish gill specimens were
frozen in liquid nitrogen and stored at -80oC for 7 days before processing
and 4 µm-thick sections were cut with a cryostat.

Cu determination
Cu determination in gill samples and sea water were determined as

reported by ISANI et al. 2011. The accuracy of the method was evaluated by
calibration to an international standard (CRM 278).

Blood collection and biochemistry analyses
Blood samples from 21 control and 16 exposed specimens were collected

and treated as previously reported (ISANI et al. 2011). Plasma samples were
immediately analysed with an automated biochemical analyzer (Olympus
AU400). A standard biochemical profile was chosen, including: glucose, urea,
aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline
phosphatase (ALP), creatine kinase (CK), gamma glutamyl transferase (GGT),
Ca, P, Mg, Na, Cl and K.

Immunohistochemistry
Four-m-thick paraffin-embedded tissue sections were dewaxed and rehy-

drated in decreasing ethanol solutions. Endogenous peroxidase was blocked
by immersion in 0.3% hydrogen peroxide in methanol. Sections were then
rinsed in Tris buffered saline (TBS) and antigen was retrieved with citrate
buffer (2.1 g citric acid monohydrate/litre distilled water), pH 6.0, and heat-
ing for two 5 min periods in a microwave oven at 750 W, followed by cool-
ing at room temperature for 20 min. A reduction of background staining
was achieved with Protein Block Serum Free (cod. X0909 DAKO, Milan,
Italy) for 10 min. The primary antibody (cod. C0979 Sigma, St. Louis, Mis-
souri, USA), diluted (1:300) in PBS containing bovine serum albumin, was
incubated with the tissue sections overnight at 4oC. Sites of antibody bind-
ing were identified with Dako LSAB+ System-HRP code K0690. 3,3'-Diamino-
benzidine (DAB) (cod. D5637 Sigma) was used as chromogen (0.05% in TBS
0.05 M pH 7.2 and H2O2: concentration 0.05% for 10 min at room tempera-
ture). The sections were then counterstained with Papanicolaou hematoxy-
lin. In negative control sections, the primary antibody was replaced with
phosphate buffered saline (PBS) containing bovine serum albumin.



259

Enzymohistochemistry
EHC CAT was performed according to CAJARAVILLE et al. (1993) on gill

frozen specimens.
Control reactions were carried out with incubation media lacking H2O2,

DAB or containing only imidazole (0.01 M) (CAJARAVILLE et al. 1993).

Quantitative analysis of CAT
CAT IHC: ten fields per each gill section, randomly chosen, were ana-

lysed to obtain a total number of 260 fields. Digital images of the selected
fields have been achieved with a digital camera (Leica DFC320, Solms, Ger-
many) mounted on a Leica DMLB (Solms, Germany) microscope and con-
nected with a PC. All images were obtained using a 63x objective and a 10x
eyepiece, yielding a final magnification of 630x. Images were acquired with
an image analysis software Leica QWIN at 24-bit, saved as JPEG format.
Each selected field had an area of 2.1x10–2 mm2. For image analysis
a standard grid with sixteen horizontal-lines was set up and superimposed to
each image. Only the positive cells with nucleus adjacent to or cutting one
of the lines were counted and the data expressed as the mean number
of positive cells assessed irrespectively of the location (stroma or epithelium
of the lamellae).

CAT EHC: images (400x magnification, 5.4x10–2 mm2 per field) were
acquired using the same tools as for IHC. Intensity of cytoplasmic staining
was estimated in each of the 260 images, automatically measuring the inte-
grated optical density with the image analysis software Leica QWIN.

Statistical analysis
The recorded values of IHC and EHC quantification were expressed as

means ±SE (Standard Error) of the ten measured fields. For each case, CAT
EHC and IHC quantitative data were tested for normality using the Sha-
piro-Wilk W-test. As the data distribution was not normal, the non-paramet-
ric Spearman rank order correlation test was utilized. Values of P<0.05 were
considered significant. Blood biochemistry parameters were analysed by a two
ways full factorial design time exposure with the R-statistics program.

RESULTS

Cu concentration
Cu analysis in the sea water samples after 50 days of exposure resulted

in 0.35±0.05 mg dm–3, indicating that 70-80% of the nominal dose of Cu was
present in the exposure tanks at the end of the experiment. Cu concentra-
tions in gills of controls at T0, T1, T2 and T3 did not change significantly;
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while in exposed fish, metal concentrations increased significantly reaching
a maximum of 6.9±4.7 µg g–1 wet weight at the end of the treatment
(P<0.05) – Figure 1.
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Fig. 1. Cu concentrations in gills of control (N=32) and exposed (N=24) fish.
Significant increases were noted in treated fish (P<0.05)

Blood biochemistry
Only plasma urea significantly increased in Cu exposed fish (P<0.01).

A significant decrease in glucose (P<0.01) and a significant increase for CK
and ALP (P<0.05) were observed in control and exposed fish, as a function
of time. The free ions did not show significant variations with the exception
of a significant increase (P<0.05) of P both in control and exposed fish,
as a function of time (Table 1).

Macro- and microscopic aspects
No mortality and no gross lesions were detected in the gills of exposed

and control subjects. On histological ground no lesions were recorded.

CAT IHC and quantitative analysis
Brown intracytoplasmic positivity was evident in both exposed and con-

trol fish only in the epithelial cells of the primary and secondary lamellae
and in pillar cells of the latter (Figure 2a). Scant positivity was noted in
stromal cells. Quantitative analysis for CAT presence (Figure 3a), expressed
by IHC, demonstrated a significant decrease in exposed subjects compared
to controls at T1 (P<0.0001), an increase in positivity in exposed fish com-
pared to controls (P<0.0001) at T2; similar values in positivity were obtained
in exposed and control fish (P=0.09) at T3.
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CAT EHC and quantitative analysis
Enzyme activity was localized in the epithelium and pillar cells of both

primary and secondary lamellae and appeared as a strong cytoplasmic stain
particularly at the base of the primary lamellae (Figure 2b). Low positivity
was observed in the connective tissue of the blood vessel walls of primary
lamellae. Some positive spots were recorded within the branchial arch stro-
ma. Quantitative analysis of enzyme activity in positive areas, evaluated as
integrated optical activity, showed a significant decrease in exposed subjects

Fig. 2. Gills of the same control specimen: a – CAT IHC: pulverulent brown positivity
in the cytoplasm at the base of secondary lamellae 40x; b – CAT EHC: enzyme activity

is evidenced by brown colour in the epithelial cells of secondary lamellae 40x

compared to controls at T1 and T2 (P<0.0001) – Figure 3b. At T3 the activi-
ty of the enzyme in the exposed and control fish reached equal values
(P=0.68).

Correlation analysis of CAT data
No evident correlation (R=0.3; P=0.12) was found between CAT IHC and

EHC by linear regression analysis.
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Fig. 3. CAT IHC (a) and CAT EHC (b) quantitative analysis.
*Indicates significant differences with respect to T0 (P<0.0001).

DISCUSSION

Cu accumulation in gills
Cu exposure has resulted in a significant increase in metal (5.3 folds)

concentration in gills of exposed fish. Similar accumulation rates were found
in S. aurata exposed for 20 days to 0.1 mg dm–3 and 0.5 mg dm–3 (ISANI et
al. 2003) and in black sea breams exposed to 0.05 mg dm–3 for 20 days
(DANG et al. 2009). Cu concentrations in gills originate from mechanisms
that regulate uptake, sequestration and export; as concerns membrane trans-
port, also in gilthead sea bream the presence of the Ctr1 was demonstrated

b
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(MINGHETTI et al. 2008). Moreover, Cu can be bound to mucus glycoproteins,
which are present on gills surface and effectively bind diffusible cations such
as Cu (SPEARE, FERGUSON 2006), hence representing the first defensive line
against waterborne Cu.

Blood biochemistry
Measurements of blood parameters are commonly used as a diagnostic

tool in mammals, while they are not extensively applied to fish. The basal
values of plasma parameters measured in T0 fish were in the range of those
reported for other control or unexposed marine teleosts (FOLMAR 1993) and
were indicative of a healthy status of fish used in the present work. Chang-
es in blood biochemistry could be related to unsuitable environmental condi-
tions (BARCELLOS et al. 2004), including chronic exposure to chemical pollut-
ants (FOLMAR 1993). In the present experiment, Cu exposure determined
a significant increase in plasma urea. In fish, urea is mostly used as an
osmolyte or is excreted as a waste of ammonia detoxification after its bio-
synthesis in the liver (GROSELL et al. 2004). The gills are the major site of
urea excretion, through an urea transporter protein, which was indentified
in several marine species (WALSH et al. 2001). The higher plasma urea lev-
els in Cu-treated fish could be due to the impairment of gills nitrogen ex-
cretory function. The plasma urea increase could derive directly from the
inhibition of the urea transporter, or indirectly from the inhibition of am-
monia excretion; this metabolite in turn should be transformed in urea by
the liver in order to avoid systemic toxicity. In both cases, the higher urea
plasma concentration could derive from a molecular damage of gill trans-
port systems. Accordingly, the measure of blood urea nitrogen, routinely
determined in mammals as an index of renal function, could represent in
fish a simple and useful biomarker of gill function. We also found a signifi-
cant decrease of glucose as a function of time in both control and exposed
fish. These changes could be due to starvation and are in agreement with
data reported in river lamprey (EMELYANOVA et al. 2004). The observed in-
crease in ALP may be linked to alteration of P metabolism (WHYTE 2010)
and together with changes of CK activity could be related to muscle proteol-
ysis that naturally occurs during food deprivation (SEILIEZ et al. 2008).

CAT IHC and EHC
The IHC findings assessed CAT presence located mostly in the cyto-

plasm of epithelial cells at the base of the primary lamellae; to a lesser
extent CAT was found in the epithelium of the secondary lamellae, where
Cu is absorbed through the Ctr1 mediated transport (MINGHETTI et al. 2008).
The role of CAT at these sites was to prevent the damaging of the epitheli-
um in the form of membrane lipid peroxidation operated by Cu redox activi-
ty (CRAIG et al. 2007). The granular pattern found in the present paper con-
firmed CAT presence in peroxisomes.
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In accordance with Guderley et al. (2003), starvation induced an increase
in CAT presence. The significant decrease in CAT presence noted in our
cases at T1 compared to T0 was consequent to Cu toxicity. The following
increase of CAT concentration from T1 to T3 was partially due to starvation
and in part to the protective role of CAT against metal-induced oxidative
stress (FIRAT, KARGIN 2010).

CAT presence disclosed by IHC was integrated by EHC results indicat-
ing enzyme activity particularly at the base of the primary lamellae. The
significant decrease in CAT activity at T1 and T2 in the gills of treated fish
could be related to Cu exposure either by direct binding of the metal to the
enzyme or by ROS-induced inhibition as reported by CRAIG et al. (2007) in
Danio rerio. At T3, the increase in enzyme activity up to control levels may
indicate an acclimation to waterborne Cu exposure or, more likely, the acti-
vation of protection mechanisms, such as an increase in metallothionein
(MT) (ISANI et al. 2003) and/or CAT expression (CRAIG et al. 2007) in heavy
metal exposed fish. CRAIG et al. (2007) examined the genes encoding for ma-
jor proteins (including CAT) involved in combating oxidative stress in D.
rerio and found no significant changes in the expression of CAT in the gills.
However, similarly to our T1 data, they noted a decrease in CAT activity
within 48 hours post exposure, which could suggest a rapid rise in oxidative
stress due to sub-lethal doses of Cu and a comparably rapid response of
defense mechanisms. The biphasic responses of CAT expression and its en-
zymatic activities were consistent with an increase of CAT gene transcrip-
tion and a detoxifying activity of MT. At T3, Cu toxicity may be neutralized
by the increase in CAT expression, which in turn appeared as a rise in
enzymatic activity.

IHC positivity did not necessarily coincided with EHC positivity. As two
CAT isoforms were recognized (BAILLY et al. 2004), one active (55 kDa) and
one inactive (59 kDa), we assumed that when the inactive isoform is present,
only IHC results positive, whereas both methods reveal the active isoform.

All the three main investigation methods, i.e. analytical chemistry, IHC-
EHC and blood biochemistry, have proven effective in highlighting respons-
es to Cu exposure: increased Cu levels were associated with an initial de-
crease in CAT expression and activity and with increased plasma urea that
could be considered a metabolic marker of gills function in exposed fish.
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Abstract

Chlorophyll fluorescence, especially the optimum quantum yield Fv/Fm, is used to qu-
antify the physiological state of plants, because stress, infections or wilting may lower the
optimum quantum yield. The characteristics of chlorophyll fluorescence have attracted our
attention for its use to determine the quality of spinach, because the measurement of Fv/
Fm during storage can be performed quickly and non-destructively, delivering information
about spinach quality and its sale suitability.

Applicability of modern techniques for quick and non-invasive in vivo determination
of such parameters as quality and freshness of spinach under simulated sale conditions
was tested in our study. In this experiment, application of chlorophyll fluorescence for qu-
antification of quality as well as physical and physiological changes which occur in fresh
products was verified. The experiment was conducted on spinach, a product characterized
by rapid appearance of postharvest losses. Spinach was harvested as leafy vegetable for
direct consumption and stored for 5 days (16 h in a cooling room at 2-4°C, 96-98% relative
humidity, followed by 8 h at room temperature: ca 22oC, 65% relative humidity). Variants
were represented by different cultivation conditions (fertilizer, leaf application of Previcur,
CaCl2 and Cerone). The investigations revealed that fresh mass losses in the postharvest
phase could be described by changes of Fv/Fm spinach leaves adapted to darkness by a li-
near relationship of parameters (r=0.77). The disadvantage of chlorophyll fluorescence me-
asurement was the less precise determination of the critical loss of fresh mass of 3%.
Instead, losses of 4 to 5% resulted in a the decrease of optimum quantum yield below the
critical value of 0.80, which indicates the occurrence of postharvest stress. Leaf application
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of pesticides negatively influenced Fv/Fm. This relationship may be used to detect the ap-
plication of plant protection products shortly before harvest, before the grace period is over.
Hence, the determination of freshness using chlorophyll fluorescence offers, to a limited
extent, protection of consumers.

Further investigations showed that optimum quantum yield was linearly and positive-
ly correlated with the calcium content in spinach leaves. This relationship may indicate
worse cell membrane integrity and reduced cell wall stability postharvest. Additionally, the
decrease of Fv/Fm during storage may indicate the occurrence of cold stress as well as
altering processes (senescence) and loss of quality of spinach, independent of its cultiva-
tion method. In these investigations, the relationship between chlorophyll fluorescence and
color changes of leaves, content of chlorophyll, total nitrogen and water soluble carbohy-
drates, as well as respiration intensity and ethylene emission could not be found.

Key words: chlorophyll fluorescence, quality, spinach, storage, fresh mass loss, calcium,
starch.

NIEINWAZYJNE OZNACZANIE JAKOŒCI SZPINAKU PODCZAS SYMULOWANYCH
WARUNKÓW SPRZEDA¯Y ORAZ PRZEWIDYWANIE MO¯LIWYCH ZMIAN

Abstrakt

Fluorescencja chlorofilu, w szczególnoœci optymalne wykorzystanie kwantów Fv/Fm,
stosowana jest do oznaczania stanu fizjologicznego roœlin, gdzie wystêpowanie stresu, cho-
rób czy procesów wiêdniecia mo¿e spowodowaæ zmniejszenie optymalnego wykorzystania
kwantów. W praktyce fluorescencja chlorofilu ma specjalne zastosowanie, poniewa¿ pomia-
ry podczas przechowywania mog¹ zostaæ przeprowadzone szybko i bezdestrukcyjnie, na-
tychmiast informuj¹c o stanie jakoœci szpinaku oraz jego przydatnoœci do sprzeda¿y.

Mo¿liwoœæ zastosowania nowoczesnych technik w celu szybkiego i nieinwazyjnego ozna-
czenia in vivo takich parametrów, jak jakoœæ i œwie¿oœæ szpinaku podczas symulowanych
warunków sprzeda¿y, stanowi³a tematykê badañ. W badaniach zweryfikowano zastosowa-
nie fluorescencji chlorofilu do okreœlenia zmian jakoœciowych, fizycznych i fizjologicznych,
zachodz¹cych w œwie¿ym produkcie odznaczaj¹cym siê szybkim wystêpowaniem strat po-
zbiorczych – szpinaku bêd¹cym warzywem liœciowym przeznaczonym do bezpoœredniego spo-
¿ycia, sk³adowanym 5 dni (16 h w ch³odni: 4oC, 96% wilg. wzgl.; 8 h w temperaturze poko-
jowej: 22-23oC, 70% wilg. wzgl.), z uwzglêdnieniem ró¿nych warunków uprawy (nawo¿enie,
stosowanie dolistne Previcuru, CaCl2 oraz Cerone). Badania wykaza³y, ¿e straty œwie¿ej
masy w fazie pozbiorczej mog³y zostaæ opisane za pomoc¹ zmian Fv/Fm zmierzonych w przy-
stosowanych do ciemnoœci liœciach szpinaku ze wzglêdu na liniow¹ zale¿noœæ parametrów
(r2=0,77). Negatywny aspekt pomiaru fluorescencji chlorofilu stanowi³a ma³a dok³adnoœæ
okreœlenia krytycznej dla jakoœci handlowej szpinaku granicy strat œwie¿ej masy wielkoœci
3%. Dopiero straty od 4 do 5% spowodowa³y zmniejszenie optymalnego wykorzystania
kwantów poni¿ej krytycznej granicy 0,80, wskazuj¹cej na wyst¹pienie stresu pozbiorczego.
Ponadto dolistne zastosowanie pestycydów negatywnie wp³ynê³o na pomiar
Fv/Fm, co jednak mo¿e znaleŸæ zastosowanie w wykrywaniu stosowania œrodków ochrony
roœlin na krótko przed zbiorem, jeszcze przed up³ywem okresu karencji. Dlatego te¿ ozna-
czenie stopnia œwie¿oœci za pomoc¹ fluorescencji chlorofilu umo¿liwia równie¿, w pewnym
stopniu, ochronê konsumenta. Dalsze badania wykaza³y, ¿e optymalne wykorzystanie kwan-
tów Fv/Fm skorelowane by³o liniowo pozytywnie z zawartoœci¹ wapnia w liœciach szpinaku.
Zale¿noœæ ta wskazywa³aby na zmniejszenie zarówno integracji b³on komórkowych, jak
i zmniejszenie stabilizacji œcian komórkowych podczas okresu pozbiorczego. Ponadto zmniej-
szenie wartoœci Fv/Fm podczas przechowywania mo¿e wskazywaæ na wyst¹pienie stresu
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ch³odu i procesów starzenia (senescencji) oraz utraty jakoœci badanego szpinaku, niezale¿-
nie od sposobu jego uprawy. W badaniach nie stwierdzono zale¿noœci miêdzy fluorescencj¹
chlorofilu a zmianami barwy liœci szpinaku, zawartoœci¹ chlorofilu, azotu ogó³em i wêglo-
wodanami rozpuszczalnymi w wodzie oraz intensywnoœci¹ oddychania i emisj¹ etylenu.

S³owa kluczowe: fluorescencja chlorofilu, jakoœæ, szpinak, przechowywanie, straty œwie¿ej
masy, wapñ, skrobia.

INTRODUCTION

Vegetables, especially their leaves, are highly perishable commodities.
Harvested plants or plant organs must still be regarded as living tissue that
is subjected to continuous changes with respect to its metabolism. They
require energy for maintenance of cell organisation, membrane permeabili-
ty, metabolism and metabolite transport within the tissue. Instead of photo-
synthetic assimilates, the required energy in harvested plants is supplied by
oxidative breakdown of certain organic substances stored in the tissue (KEUT-
GEN 2000). From the consumer’s point of view, most of the postharvest chang-
es are undesirable because they result in plant and tissue senescence as
well as tissue breakdown. They cause freshly harvested vegetables to dete-
riorate, shrivel, loose the green colour and to turn yellow due to chloro-
phyll degradation and lead to distinct shifting of sensory quality, especially
visual deterioration and loss of palatability. In consequence, quality and shelf-
life sustainability of leafy vegetables depends strongly on their vitality (FER-
RANTE, MAGGIOREA 2007). Recently, new kinds of in vivo analyses have provid-
ed detailed information on intrinsic value and storage as well as processing
effects on fruits and vegetable (RUIZ-ALTISENTA et al. 2010, PAPAGEORGIOUA,
GOVINDJEE 2011). These include the option of on-line control of quality char-
acteristics of vegetable products during cultivation, storage and manufac-
ture. Quality control as well as quality and shelf-life prediction are of prime
importance to guarantee an optimal product. In practice, quality analyses
should be fast, simple, robust, reproducible and reliable. Ideally, they should
simultaneously describe chemical and physical parameters and, of course,
should be non-destructive.

Recently, consumers focus not only on a good-looking product, but also
ask for an excellent quality with regard to the nutritive value. Quality eval-
uation is a tool to ensure that new and existing products meet the consum-
ers’ requirements. New kinds of analyses should provide detailed informa-
tion about ingredients and the effects of storage and processing. This includes
the option of using on-line instruments to control the quality characteristics
of vegetable products during cultivation, storage and manufacture. Quality
control as well as quality and shelf-life prediction are of prime importance
to guarantee an optimal product quality. In practice, quality analyses must
be fast, simple, robust, reproducible and reliable. Ideally, they should simul-
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taneously describe chemical and physical parameters and, of course, should
be non-destructive. Chlorophyll fluorescence is a technique with a great po-
tential to fulfill these requirements. It enables non-destructive measurements
to determine a plants’ physiological state, its vitality and its ‘stress history’.
It describes not only visible damages but also an eventual early stage of
deterioration a few days before visible damage symptoms occur. In addition,
chlorophyll fluorescence is able to identify effects of potentially toxic sub-
stances such as pesticides that have been applied to a plant a few days
before harvest. To summarize, the chlorophyll fluorescence technique can
be used to record the effect of biotic and abiotic stress factors (KEUTGEN

2000, RUIZ-ALTISENTA et al. 2010, PAPAGEORGIOUA, GOVINDJEE 2011), to predict
changes of nutritive characters, the maturity state of the harvested or stored
plant organ and thus shelf-life (DEELL et al. 1999, KEUTGEN 2000). Chloro-
phyll fluorescence potentially allows studies that range from maturity as-
sessment to the prediction of quality attributes during the postharvest peri-
od and effects of postharvest stress on product quality.

Contemporary research into postharvest physiology is focusing on the
development of instrumental methods for non-destructive quality assessment.
This kind of research is empirical, correlating analytical parameters with
quality properties for single products under variable conditions. This ap-
proach is quite helpful in developing new methods to monitor and control
production and storage processes. However, in many cases a better under-
standing of the plant’s physiological and metabolic basis for quality degrada-
tion is needed to identify relationships that are determined by vegetable
quality but not by pre- or postharvest environmental conditions. It is the
aim of the proposed research project to develop objective quality criteria for
spinach and broccoli using non-destructive methods for vegetable quality as-
sessment.

MATERIAL AND METHODS

Spinach plants (Spinacia oleracea L. cv. San Felix F1) were grown on
experimental fields at Marhof Research Station near Bonn at two sowing
dates: 2nd and 16th April of two consecutive years. Two different forms of
nitrogen were applied as fertiliser (220 kg N ha–1) with 27% of nitrogen,
where ammonium nitrate (KAS) consisted of 13.5% nitrate and 13.5% am-
monium, whereas basammon-nitrogen (BAS) consisted of 6.8% nitrate, 18.2%
ammonium and 2% nitrification blocker Dicyandiamid (DCD), respectively.
Plants were cultivated on brown soil (70-78 soil points), with a thickness of
0.75 to 1.20 m, situated on sand and gravel, of middle water permeability
and of middle to high water storage capacity, with the ground water level at
13 m depth. The soil (0-30 cm) was characterized by an pHKCl – value of 6.6,
P2O5 0.43 g kg–1 soil, K2O 0.24 g kg–1 soil, and MgO 18 g kg–1 soil. On
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average the content of nitrate (V) and ammonia before fertilization were
39.36±12.87 and 17.4  9.0 kg N ha–1, respectively. No additional fertilization
with phosphorus and potassium  were applied. During the growing period
from April to June the mean temperatures of the air was 15.7oC and of the
soil in the depth of 10 cm of 13.8oC (depth of mean root mass of spinach).
The mean precipitation in the vegetation time was on average 221 mm.
Depending on spinach requirements, automatic watering from a computer
controlled pouring car at the tensiometer value of -120 mb was applied
(150 ml of water per plant). Spinach was harvested twice from each experi-
mental field (22nd and 27th May, 4th and 9th June, respectively) and kept
under simulated sale conditions for 5 days. Prior to the experiments, har-
vested spinach was washed in cool tap water at about 12oC and drained
using a hand centrifuge. Clean spinach was placed in Euro-Pool-System-Box-
es D. Over night (16 h) plants were stored in darkness in closed 400 l con-
tainers at 2-4oC and 96-98% relative humidity. To establish high humidity in
the containers, air was forced with a pump through distilled water. During
the day (8 h), spinach was kept in diffuse daylight at room temperature of
about 22oC and 65% relative humidity similar to conditions on the fresh
market. Beside the kind of fertilisers, other experimental factors were dif-
ferent leaf applications during the growth period: Previcur 0.2% (active sub-
stance: propamocarb-HCl 66.5%) against Peronospora sp., CaCl2 water solu-
tion (15, 30, 45, 60 mmol dm–3) for quality improvement (PERUCKA et al.
2007), and Cerone as a precursor of ethylene (50, 100, 150, 200 mmol dm–3)
in the amount of 2 dm–3 m–2 each. Samples of 80 spinach plants were used
for each combination (4 replicates with 20 plants each). Analyses were car-
ried out during storage to investigate quality changes continuously. Samples
for chlorophyll fluorescence measurement and for chemical analyses were
taken from the same plant (rosette). Water loss was determined for all plants
within a single Euro-Pool-System-Box.

Chlorophyll fluorescence measurements were conducted in a photosyn-
thesis laboratory at the temperature of 25oC and atmospheric CO2 between
400-600 ppm, using a portable pulse-amplitude-modulation Fluorometer
PAM-2000 (Heinz Walz GmbH, Effeltrich, Germany). The plant tissues were
dark-adapted for 30 min prior to the analyses. Fo (minimal fluorescence),
Fm (maximal fluorescence), Fv (= Fm-Fo, variable fluorescence) and opti-
mum quantum yield (= Fv/Fm) were determined three times on each repre-
sentative of fully expanded and old leaves, with at least four replicates per
treatment. For setting of Fo, the leaf was illuminated with low modulated
light (650 nm, <0.1 µmol m–2 s–1) and then for Fm after a light pulse
(665 nm, 3200 µmol m–2 s–1) (KEUTGEN 2000).

To detect colour changes and discoloration, the colour attributes were
determined daily, recorded in L*, a*, b* CIE co-ordinates of the spinach
leaves using a Chroma-Meter II Reflectance, Minolta, Japan. On each leaf
blade, three measurements were taken between the main veins of a leaf.
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The leaf samples for intrinsic compounds were freeze-dried and ground
for chlorophyll, total N and carbohydrate analyses. Chlorophyll content (Chl
a, Chl b and total Chl) was determined according to WELLBURN (1994) from
methanol extracts and measured at 649 nm and 665 nm using a spectropho-
tometer Lambda 5/15 (Perkin-Elmer). Residues of the methanol extractions
were used for starch analyses. Starch was enzymatically hydrolysed to glu-
cose, which was detected by HPLC (Knauer, Berlin, Germany). Starch con-
tent was calculated according to LOPEZ-HERNANDEZ et al. (1994). Soluble carbo-
hydrate content was determined from water extracts using HPLC as
described by KEUTGEN (2000). Total N was determined by a modified Kjeldahl
method through reduction of the organic and inorganic N into ammonium
by acid hydrolysis (CHEN et al. 1997). Content of total N was measured color-
imetrically in a SFAS - 5100 Skalar Auto-Analyser (Skalar GmbH, Erkelenz,
Germany).

The experimental design was a completely randomised one. The data
were analysed using correlation and multiple regression procedures of the
statistical program SPSS for Windows, release 9.01. standard version, Copy-
right SPSS Inc., 1989-1999. Significances of differences were defined at
P=0.05.

RESULTS AND DISCUSSION

The application of chlorophyll fluorescence for the estimation of concen-
tration of intrinsic parameters in vegetables is a less investigated issue.
Investigations on different plants indicate a correlation between chlorophyll
fluorescence and content of nitrogen, ascorbic acid, carotenoids or soluble
sugars and starch (PAPAGEORGIOUA, GOVINDJEE 2011). In spinach, quality chang-
es during storage could at least partially be detected using chlorophyll fluo-
rescence of dark-adapted leaves. During the storage under simulated sale
conditions, a decrease of the optimum quantum yield Fv/Fm (Figure 1) was
detected. On the third day of the storage, a drop of Fv/Fm below the value
of 0.80 was observed. For comparison, values between 0.82 and 0.80 are
typical of healthy, fresh plants. A decrease of Fv/Fm may also indicate the
occurrence of cold stress during the storage time and/or the loss of mem-
brane integrity due to senescence processes. The optimum quantum yield
Fv/Fm was identified as a meaningful parameter, because the relationship
between Fv/Fm and fresh mass losses was significantly linear (Figure 2;
r=0.77). The fresh mass loss represents an important, if not the main pa-
rameter for the quantification of spinach freshness in practice. By defini-
tion, a fresh mass loss of 3% during the storage represents a critical value.
With higher losses, spinach is regarded as non-marketable. In the present
experiment, wilting symptoms and deterioration of spinach quality did not
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Fig. 1. Changes of optimum quantum yield of PS II (Fv/Fm) in spinach under simulated sale
conditions (mean values of 4 experiments)
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Fig. 2. Linear relationship between the optimum quantum yield of PS II (Fv/Fm) and fresh
mass losses in spinach leaves during storage under simulated sale conditions (values are

means of 4 experimental replications)

become evident before the third day, when the fresh weight loss reached
5-6%. During the storage of spinach under simulated sale conditions (16 h
cool storage/8 h sale keeping), a loss of 4-5%, which is close to the critical
value of 3%, corresponded with values for the optimum quantum yield at or
below 0.80.
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CaCl2 (15, 30, 45, 60 mmol dm–3)
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The correlation between optimum quantum yield of PS II and calcium
content was positive and high as well as independent on used cultivation
technique (Figure 3). A low content of calcium coincided with a low value of
Fv/Fm. Spinach plants with the calcium content below 9 g kg–1 of dry mat-
ter were already non-marketable during the storage under simulated sale
conditions. This relation may be explained by the significance of calcium in
cell walls and cell membranes, where it supports the anti-senescence reac-
tions. Ca2+ is important for the selective permeability and membrane integ-
rity (PALTA 1996). Furthermore, Ca2+ stabilizes the cell membranes by link-
ing the phosphate- and carboxylic groups of phospholipids present on the
membrane surface. The fact that the lower optimum quantum yield coin-
cides with a low content of calcium may indicate an impairment of mem-
brane integrity.
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Fig. 3. Correlation between optimum quantum yield of PS II (Fv/Fm) and content of calcium
in spinach leaves stored under simulated sale conditions (mean values of 4 experiments)

Considering all measurements of the investigated variants, the relation-
ship between Fv/Fm and starch content in leaves was best explained by
a non-linear function (Figure 4). In the case of a starch content up to 10 g
kg–1 of dry matter, the relationship showed linear character. Based on these
results it can be concluded that spinach leaves with a starch content higher
than 5 g kg–1 of dry matter will exhibit good shelf-life behavior. However,
the content of starch in spinach is quite low compared to the other carbohy-
drates. Nevertheless, this parameter seems to be suitable for the prediction
of shelf-life.
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The investigations did not reveal any kind of relationship between chlo-
rophyll fluorescence parameters and respiration intensity, ethylene emission,
changes of leaf colour and intrinsic parameters such as total nitrogen, solu-
ble carbohydrate and chlorophyll content. Indeed, chlorophyll fluorescence
depends on the chlorophyll content. However, the optimum quantum yield
is not directly correlated with the latter. Primarily, a high chlorophyll loss
causes a decrease of Fv/Fm (KEUTGEN 2000). This can at least partly explain
why no correlation between the chlorophyll content and Fv/Fm was observed
in the presented investigations. In the present work, chlorophyll losses dur-
ing storage were quite low.

CONCLUSIONS

The investigations showed that the quality of spinach during the stor-
age under simulated sale conditions can be evaluated quickly and easily by
chlorophyll fluorescence. In commercial practice, freshness is quantified by
the water loss during storage. At a fresh mass losses of 3%, spinach is
classified as non-marketable. The chlorophyll fluorescence, especially the op-
timum quantum yield Fv/Fm, is a good tool for the determination of spin-
ach quality state independently from cultivation techniques. Fv/Fm < 0.80
corresponded to a loss of fresh mass of 4 to 5% and more under simulated
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sale conditions. The Fv/Fm value can be lowered by cold stress, pesticides
or infections, which can be used for the protection of interests of consumers
and retailers. However, it is important to mention that successful applica-
tion of chlorophyll fluorescence as an indicator of quality requires very good
and broad knowledge of postharvest physiology, especially of the quality pa-
rameter changes combined with the maturity and senescence of the investi-
gated plant.
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Abstract

The objective of this study was to determine the effect of different dietary sodium
levels on serum macroelement concentrations, growth performance and incidence of foot
pad dermatitis (FPD) in female turkeys raised to six weeks of age. The influence of a low-
sodium diet (without additional sodium) and diets supplemented with NaCl to increase so-
dium content by 0.5, 1.0, 1.5, 2.0 and 2.5 g kg–1 was compared. The dietary electrolyte ba-
lance (DEB) was high (242-248 mEq kg–1) due to a high potassium content (11.0 g kg–1).

Turkeys fed the low-sodium diet were characterized by significantly lower concentra-
tions of chloride (p=0.002) and phosphorus (p<0.001), and significantly higher magnesium
levels (p<0.001), compared with the other groups.

The lowest dietary inclusion of sodium (0.5 g kg–1) contributed to a significant incre-
ase in the body weights of turkeys at six weeks of age (p<0.001), and it improved feed
conversion efficiency (p<0.001) in comparison with the low-sodium diet. No significant dif-
ferences in body weight and feed conversion ratio followed experimental treatments with
higher dietary NaCl addition. Diets supplemented with different amounts of sodium had
no effect on litter moisture content, whereas the incidence of FPD increased significantly
following the addition of dietary sodium at 1.0 g kg–1 to 2.5 g kg–1, compared with the
low-sodium diet. The results of our study indicate that moderate sodium supplementation
(0.5 g kg–1) of a sodium-deficient diet significantly increased the body weights of young
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turkeys, while it did not increase the incidence of FPD. A further increase in the sodium
content of experimental diets did not increase the body weights of birds, and it enhanced
the occurrence of FPD which was not related to increased litter wetness.

Key words : sodium, blood minerals, growth performance, turkeys.

WP£YW ZRÓ¯NICOWANEGO POZIOMU SODU W DIECIE NA POZIOM
ELEKTROLITÓW KRWI, WZROST INDYKÓW I WYSTÊPOWANIE ZAPALENIA

SKÓRY PODUSZKI STOPY

Abstrakt

Celem badañ by³o okreœlenie wp³ywu ró¿nych poziomów sodu w diecie na zawartoœæ
makroelementów w surowicy, wzrost ptaków i wystêpowanie zapalenia skóry stóp (FPD)
u indyczek w wieku szeœciu tygodni ¿ycia. Porównano efekty podawania diety niskosodowej
(bez dodatkowego Ÿród³a sodu) i diet z dodatkiem NaCl w iloœci 0,5; 1,0; 1,5; 2.0 i 2,5 g kg–1.
Ze wzglêdu na wysok¹ zawartoœæ potasu w dietach (11,0 g kg–1), bilans elektrolitów (DEB)
by³ równie¿ wysoki (242-248 mEq kg–1).

U indyków ¿ywionych diet¹ o niskiej zawartoœci sodu wykazano znacznie ni¿szy po-
ziom chlorku (p=0,002) i fosforu (p<0,001), a znacznie wy¿szy poziom magnezu (p<0,001)
w surowicy krwi, w porównaniu z innymi grupami. Niewielkie zwiêkszenie zawartoœci Na
w diecie (0,5 g kg–1) spowodowa³o istotny wzrost masy cia³a indyków w wieku szeœciu ty-
godni (p<0,001) i poprawê wykorzystania paszy (p<0,001), w porównaniu z diet¹ bez dodat-
ku Na. Nie stwierdzono istotnych ró¿nic w masie cia³a i wykorzystaniu paszy u indyków
otrzymuj¹cych diety z dodatkiem NaCl. Dodatek NaCl do diety nie wp³yn¹³ na wilgotnoœæ
œció³ki, natomiast wystêpowanie FPD istotnie nasili³o siê w grupach otrzymuj¹cych dodatek
1,0 i 2,5 g kg–1 Na, w porównaniu z diet¹ bez dodatku sodu.

Stwierdzono, ¿e umiarkowany dodatek sodu (0,5 g kg–1) do diety ubogiej w ten pier-
wiastek istotnie zwiêksza masê cia³a m³odych indyków, a nie zwiêksza czêstoœci wystêpo-
wania FPD. Dalszy wzrost zawartoœci sodu w diecie nie zwiêksza masy cia³a ptaków i wil-
gotnoœci œció³ki, a nasila wystêpowanie FPD.

S³owa kluczowe: sód, elektrolity we krwi, wyniki odchowu, indyki.

INTRODUCTION

The optimization of dietary mineral balance so as to meet the require-
ments of growing birds is an important consideration in modern intensive
poultry farming. The most common reason for insufficient bone mineraliza-
tion leading to skeletal deformities (including leg bone abnormalities) are
mineral metabolism disorders, in particular a deficiency of calcium and phos-
phorus (RAO et al. 2003, VENÄLÄINEN et al. 2006, MAJEWSKA et al. 2009). Leg
deformities and abnormalities adversely affect the welfare and growth rate
of birds, reduce their activity and decrease feed consumption (NÄÄS et al.
2009). In turkeys, leg problems result for instance from selection for a rapid
increase in body weight and breast muscle yield (CRESPO et al. 2000, MIKUL-
SKI et al. 2009). The fast growth rate of turkeys is often accompanied by
nutrient and vitamin D deficiencies (FARUGA et al. 2009, TATARA et al. 2011,
ZHOU et al. 2011).
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A high litter moisture content due to nutritional factors may lead to leg
diseases, including foot pad dermatitis, in growing birds (FRANCESCH, BRUFAU

2004, MAYNE et al. 2007). The dietary sodium intake is often increased in
broilers to stimulate their growth (VIERA et al. 2003, BORGES et al. 2003,
JANKOWSKI et al. 2011a, b), which results in excess litter wetness. Numerous
experiments on chickens have shown that diets with an increased sodium
content lead to higher water consumption followed by a higher excreta mois-
ture content (MURAKAMI et al. 2001, BORGES et al. 2003, MUSHTAQ et al. 2007).
When compared to chickens, there is a scarcity of data regarding the effects
of increased dietary sodium intake in turkeys, with respect to the growth
rate of birds, mineral metabolism disorders and incidence of FPD. The above
problem is of particular importance in young turkeys fed soybean-based di-
ets rich in potassium. An increased potassium content of feed components
increases DEB, also in low-sodium diets (JANKOWSKI et al. 2011a,b), which
may have a negative impact on production results in growing turkeys.

The objective of this study was to determine the effect of different in-
clusion levels of sodium in potassium-rich diets with high DEB on serum
macroelement concentrations, growth performance, and incidence of foot pad
dermatitis (FPD) in turkeys raised to six weeks of age.

MATERIAL AND METHODS

The experiment was carried out at the Research Laboratory of the De-
partment of Poultry Science, University of Warmia and Mazury in Olsztyn,
on 336 female BUT-10 turkeys kept for six weeks in three-tier battery cag-
es, each with a floor area of 0.5 m2. The turkeys were randomly divided
into six groups of eight replicates, each of seven birds. The temperature
and lighting program was consistent with the recommendations of the Brit-
ish United Turkeys Ltd. The birds were fed ad libitum and they had free
access to water. The composition and nutritional value of low-sodium (with-
out sodium addition) basal diets (1-3 weeks and 4-6 weeks) are presented in
Table 1. Basal diets were mixed thoroughly with a premix prepared under
laboratory conditions (at a ratio of 99:1), which contained precisely deter-
mined amounts of NaCl, so as to increase the sodium content of diets by
0.5, 1, 1.5, 2 and 2.5 g kg–1, relative to the control low-sodium diet. Sam-
ples of experimental diets were assayed for the content of sodium and po-
tassium by atomic absorption spectrometry, and chloride – by the biampero-
metric technique. The analyses were performed at the National Feed
Laboratory in Lublin (Poland), and their results were used to calculate the
dietary electrolyte balance (DEB), with the following formula: DEB = Na
mEq kg–1 + K mEq kg–1 – Cl mEq kg–1 (MONGIN 1981).
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On day 40, excreta samples were collected underneath the cages in each
group, for three hours, to determine the moisture content of droppings. On
day 42, the incidence and severity of foot pad dermatitis (FPD) were as-
sessed based on the scoring system developed by HOCKING et al. (2008).

At 42 days, all turkeys were weighed individually and seven birds repre-
senting an average body weight of each group were selected for blood sam-
pling from the jugular vein to determine the concentrations of selected ele-
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ments. The analyses were performed by the Analytical Laboratory at the
Municipal Hospital in Olsztyn (Poland), using the COBAS INTEGRA 400
PLUS system (Roche, France). The concentrations of Ca, P and Mg were
determined by the colorimetric method, and the levels of Na, K and Cl – by
indirect potentiometry.

The results were processed statistically by one-way analysis of variance
(ANOVA) in an orthogonal design. The significance of differences was esti-
mated by Duncan’s test. The calculations were performed using the Statisti-
ca software package ver. 8.1.

RESULTS AND DISCUSSION

The concentrations of sodium, chloride and potassium in experimental
diets are shown in Table 2. Our analysis of the sodium content of diets
revealed that it corresponded to the assumed dietary sodium levels but dif-
fered (lower or higher) from the value of 1.7 g kg–1 recommended for the
youngest turkeys (NRC 1994). The concentrations of chloride (1.7-5.9 g kg–1)
and potassium (11.0 g kg–1) in the experimental diets were higher than the
respective nutrient requirements of young turkeys, determined at 1.5 g kg–1

for Cl and 7 g kg–1 for K (NRC 1994). DEB was high ( 235-249 mEq kg–1),
similar to the value recommended for broiler chickens (MONGIN 1981) and
higher than the value of 211 mEq kg–1 recommended for turkeys (NRC
1994). High DEB in poultry diets results from a high potassium content
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of cereals and soybean meal, the major feed components (JANKOWSKI et al.
2011a). The potassium content of diets may be reduced by partial replace-
ment of soybean meal with feed components of animal origin, including fish
meals (MURAKAMI et al. 2000).

The serum concentrations of macroelements are presented in Table 3.
Turkeys fed the low-sodium diet were characterized by lower sodium con-
centrations, significantly lower concentrations of chloride (p=0.002) and phos-
phorus (p<0.001), and significantly higher magnesium levels (p<0.001), com-
pared with the other groups. The only statistically significant difference
observed among groups of turkeys fed diets supplemented with NaCl was
lower serum phosphorus concentration in birds receiving 1.0 and 2.5 g kg–1
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additional sodium per kg feed. The results of studies investigating the ef-
fects of dietary sodium intake on blood electrolyte levels in chickens are
inconclusive: an increased sodium content of diets had no influence on the
serum concentrations of sodium and potassium (MUSHTAQ et al. 2005), it had
no effect on blood calcium and chloride levels (OLANREWAJU et al. 2007), and
it decreased the blood concentrations of sodium and potassium (MUSHTAQ et
al. 2007). In an experiment similar to ours (TYKA£OWSKI et al. 2011), a low-
sodium diet decreased serum sodium and chloride levels, and increased cal-
cium, magnesium and phosphorus concentrations, compared with chickens
fed a sodium-supplemented diet. In the present study, the low-sodium diet
surprisingly did not affect the serum Na concentration but decreased the Cl
level in the serum.

The lowest dietary inclusion of sodium (0.5 g kg–1) contributed to
a significant increase in the body weights of turkeys at three and six weeks
of age (p<0.001), in comparison with the low-sodium diet (Table 4). As
a result, feed intake per kg body weight gain during 1-3 and 4-6 weeks was
significantly (P<0.001) lower in the group fed a diet with the lowest sodium



285

addition, as compared to the group whose diet was not supplemented with
NaCl. No significant differences in body weight and feed conversion ratio
were found between groups of turkeys fed diets with different NaCl addi-
tion. In many experiments, the growth performance of birds and feed con-
version efficiency were improved when the sodium content of feed was in-
creased from 0.0 to 3.0 g kg–1 (OVIEDO-RONDON et al. 2001, VIEIRA et al. 2003,
BORGES et al. 2003, JANKOWSKI et al. 2011a, b). Such a trend was not observed
in our study, in which an increase in the body weights of young turkeys in
response to sodium supplementation at 0.5 g kg–1 was similar to that noted
when sodium addition was two- to five-fold higher.

There were no significant differences in excreta moisture content be-
tween turkeys fed diets with different sodium levels (Table 5). Different re-
sults were reported for broiler chickens at the final stage of rearing (MU-
RAKAMI et al. 2001, BORGES et al. 2003, MUSHTAQ et al. 2007). It seems that
relatively low feed consumption, as compared with the body weights of young
turkeys, does not produce the undesirable effect observed in broilers.
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The incidence of FPD was the lowest in turkeys fed a NaCl-unsupple-
mented diet, significantly higher in the groups receiving diets supplemented
with sodium at 1.0, 1.5 and 2.0 g kg–1, and the highest in turkeys fed a diet
with 2.5 g additional sodium per kg feed (in the latter case, insignificant
only in comparison to the dietary level 2.0). This may suggest that a consid-
erable increase in dietary sodium supply rather excess litter wetness raises
the incidence of FPD in growing turkeys. The symptoms of FPD may inten-
sify due to metabolic disorders caused by some diet ingredients, e.g. biogen-
ic amines, and the specific composition of fat (MAYNE 2005).

CONCLUSIONS

Components of diets fed to young growing turkeys are sodium-deficient,
while their potassium content and DEB values exceed the recommended
levels. Such diets significantly decrease the concentrations of chloride and
phosphorus and increase magnesium levels in the blood serum of turkeys.
Moderate sodium supplementation (0.5 g kg–1) of a low-sodium diet seems
to be enough to increase the body weights of young turkeys, without raising
the incidence of FPD. A further increase in the sodium content of the ex-
perimental diets did not increase the body weights of birds, but exacerbated
the severity of FPD.
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Abstract

A new phytoplankton-based method (the Phytoplankton Metric for Polish Lakes –
PMPL) for the ecological status assessment of lakes has been developed in Poland. This
method has not been validated and tested on independent data, hence the aim of the stu-
dy was to check the applicability of this method and the sensitivity of different phytoplank-
ton metrics along pressure gradient. Phytoplankton data were collected from 33 Polish low-
land lakes (20 stratified, 13 non-stratified), during the growth season in the period from
2005 to 2009. The biomass of phytoplankton was calculated from cell volume measure-
ments and chlorophyll a concentration was determined spectrophotometrically by the alco-
hol method. Total nitrogen and total phosphorus concentrations were determined by stan-
dard methods (PN-EN ISO 6878:2006p.7 and PN-EN 25663:2001, respectively) and water
transparency was measured using a Secchi disk.

For comparability, an ecological status was determined according to three phytoplank-
ton-based methods: Polish, German and Hungarian. Polish metrics showed a strong corre-
lation with the other metrics (German, Hungarian), which are broadly and successfully
used for assessment in Europe. However, a statistically significant correlation was found
between all the metric values and the main parameters: total phosphorus, total nitrogen
and Secchi disk visibility. The metrics based on quantitative phytoplankton features were
more sensitive to the growth of eutrophication than others, based on indicator taxa. Total
phosphorus demonstrated a stronger relationship with the tested metrics than total nitro-
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gen. Phytoplankton metrics reacted quite well to pressure gradients because of the decre-
asing tendency of metric values along the TP and TN gradient and an increasing tendency
along the Secchi disk visibility gradient. The multimetric PMPL may be recommended as
useful for the assessment of the ecological status of Polish lakes.

Key words: WFD, ecological status assessment, phytoplankton-based method, PMPL, PSI,
Q Index.

ODPOWIEDZ METRIKSÓW FITOPLANKTONOWYCH NA WZROST GRADIENTU
FOSFORU I AZOTU W JEZIORACH P£YTKICH

Abstrakt

W Polsce opracowano now¹ metodê do oceny stanu ekologicznego jezior na podstawie
fitoplanktonu (polski multimetriks fitoplanktonowy – PMPL). Metoda ta nie zosta³a zwali-
dowana i przetestowana na niezale¿nych danych. Celem badañ by³o sprawdzenie mo¿liwo-
œci zastosowania tej metody oraz wra¿liwoœci ró¿nych metriksów fitoplanktonowych na gra-
dient presji. Dane fitoplanktonowe zebrano z 33 polskich jezior nizinnych (w tym 20
stratyfikowanych i 13 niestratyfikowanych), w sezonie wegetacyjnym w latach 2005-2009.
Biomasê fitoplanktonu oszacowano metod¹ pomiaru objêtoœci komórek, stê¿enie chlorofilu
a w wodzie okreœlono spektrofotometryczn¹ metod¹ alkoholow¹. Zawartoœæ fosforu i azotu
ogólnego oznaczono standardowymi metodami (odpowiednio PN-EN ISO 6878:2006p.7 i PN-
-EN 25663:2001), natomiast widzialnoœæ wyznaczono z u¿yciem kr¹¿ka Secchi’ego. Ocenê
stanu ekologicznego okreœlono wed³ug trzech metod fitoplanktonowych: polskiej, niemiec-
kiej i wêgierskiej.

Polskie metriksy wykazywa³y siln¹ korelacjê z innymi metriksami (niemieckimi i wê-
gierskim), które s¹ szeroko stosowane do oceny stanu ekologicznego w Europie. Staty-
stycznie istotne korelacje wykazano równie¿ miêdzy wartoœciami metriksów a g³ównymi
parametrami presji, fosforem i azotem ogólnym oraz widzialnoœci¹ kr¹¿ka Secchi’ego. Me-
triksy oparte na cechach iloœciowych fitoplanktonu by³y bardziej wra¿liwe na wzrost stop-
nia eutrofizacji ni¿ inne, oparte na taksonach wskaŸnikowych. Fosfor ogólny wykazywa³
silniejszy zwi¹zek z testowanymi metriksami ni¿ azot ogólny. Zaobserwowano tendencjê do
zmniejszania siê wartoœci metriksów wzd³u¿ gradientu fosforu i azotu ogólnego oraz ten-
dencjê do wzrostu wzd³u¿ gradientu widzialnoœci. Œwiadcz¹ one o tym, ¿e metriksy fito-
planktonowe dobrze reaguj¹ na presjê, a multimetriks PMPL mo¿e byæ rekomendowany
jako przydatny do oceny stanu ekologicznego polskich jezior.

S³owa kluczowe: RDW, ocena stanu ekologicznego, metoda fitoplanktonowa, PMPL, PSI,
Q indeks.

INTRODUCTION

Phytoplankton, like other biological quality elements, responds to multi-
ple environmental factors and, being a good indicator of water quality with
respect to eutrophication, is required for the implementation of the Water
Framework Directive (WFD) – EC2000/60/WE. Several methods based on
phytoplankton parameters (chlorophyll a, biomass, indicator taxa, phytoplank-
ton assemblage structure) for the ecological status assessment of lakes are

´
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still being developed or have already been applied in the EU countries (PADIS-
ÁK et al. 2006, MISCHKE et al. 2008, PTACNIK et al. 2009). At present, the
assessment criteria in Poland are based only on chlorophyll a concentration
in water as a measure of phytoplankton abundance (The Regulation... 2008,
No. 162, Item 1008). In 2009, on a commission from the Chief Inspectorate
for Environmental Protection, a phytoplankton-based method for the assess-
ment of the ecological status of lakes was developed (the Phytoplankton
Metric for Polish Lakes – PMPL; HUTOROWICZ et al. 2011), which, apart from
chlorophyll a, also accounts for the total phytoplankton biomass and the
biomass of Cyanoprokaryota. The latter index covers the biomass of blue-
green algae and their share in the total phytoplankton biomass. Therefore,
it may be treated as an element in the assessment based on the taxonomic
composition of phytoplankton assemblage. Each newly developed method for
assessment ought to be a suitable tool to measure the composed anthropo-
genic damage and should be checked before being included in monitoring
programs (NÕGES et al. 2009). The Polish method has not yet been validated
and tested on independent data. Hence, the aim of this study was to check
the usefulness of the Polish method for the ecological status assessment
and compare the sensitivity of different phytoplankton metrics to the in-
crease of phosphorus and nitrogen gradient in Polish shallow lakes. Addi-
tionally, Secchi disk visibility was taken into account as an important factor
of light conditions in water.

MATERIALS AND METHODS

Phytoplankton and chlorophyll a data were collected from 33 different
lowland lakes (20 stratified, 13 non-stratified) during the growth season in
the period from 2005 to 2009 (totally 39 – ‘lake years’). The lakes were
situated in north-eastern Poland, on postglacial deposits, belonging to the
Western Europe Unit and Eastern Europe Unit. These data were obtained
within the framework of the National Environmental Monitoring and within
the framework of the Polish-Norwegian project tilted ‘deWELopment’ – ‘De-
velopment and validation of methods for integrated assessment of ecological
status of rivers and lakes to support river basin management plans’.

According to the Water Framework Directive 2000/60/WE requirement,
lakes are classified as:
– lowland lakes;
– small- (50–100 ha) and medium-sized (100-1000 ha) natural reservoirs;
– very shallow (mean depth <3 m) and shallow (mean depth 3-15 m) lakes;
– calcareous lakes;
– lakes with Schindler’s ratio (the ratio of total catchment’s area to lake

volume) below 2 and above 2;
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– lakes with different mixing types: stratified and non-stratified, according to
Polish abiotic typology (KOLADA et al. 2005) belong to 2a, 3a, 5a, 6a and 2b, 3b,
6b, respectively.

In stratified lakes, samples were collected from the euphotic zone – in
spring and autumn and from the epilimnion in summer; in non-stratified
lakes they were taken from the whole depth. Samples were taken at one-
meter intervals and then integrated. The analyses of phytoplankton were
conducted according to UTERMÖHL’S method (1958) as described in the guid-
ance standard CEN 2004. The total biomass was calculated from cell volume
measurements (PLIÑSKI et al. 1984). Chlorophyll a concentrations were de-
termined spectrophotometrically by the alcohol method (NUSCH 1980). Addi-
tional samples were collected for chemical analysis of water, mainly total
nitrogen and total phosphorus concentrations, which were determined by
standard methods. Water transparency was measured using Secchi disks and
expressed as the Secchi disk visibility (SV).

The ecological status was determined according to three phytoplankton-
based methods: Polish, German and Hungarian. The new Polish method,
called the PMPL, comprises a multimetric based primarily on the quantita-
tive and qualitative parameters which characterise phytoplankton (HUTOROWICZ

et al. 2011). The PMPL includes three constituent metrics: ‘Metric Chloro-
phyll a’ (MC), ‘Metric Total Biomass’ (MTB) and ‘Metric Biomass of Cyano-
prokaryota’ (MBC), and its final value is an averaged value of these three
components.

The German multimetric Phytoplankton Seen Index (PSI) is based on
three metrics: ‘Metric Biomass’ (MB), ‘Metric Algal Classes’ (MAC) and ‘Met-
ric Phytoplankton Taxa Seen Index’ – PTSI (MISCHKE et al. 2008). The ‘Met-
ric Biomass’ takes into account the total biomass, the mean concentration
of chlorophyll a and the maximum concentration of chlorophyll a. The ‘Met-
ric Algal Classes’ is based on the percentage shares in the total biomass of
the taxonomic groups typical of the particular water quality classes. The
PTSI (Phytoplankton-Taxa-Seen-Index) includes the trophic value of indica-
tor taxa, taking into account their differentiation in the particular abiotic
types of lakes.

In the Hungarian method, the Q Index (the phytoplankton assemblage
index) was calculated on the basis of Colin Reynolds’ concept of functional
groups (REYNOLDS et al. 2002, PADISÁK et al. 2006). The Q Index is based on
the ascription of the factor F to each of the 33 functional groups, depending
on the reservoir type and experts’ knowledge. It takes into account the
relative share of the functional group biomass in the total biomass.

For comparability and further analyses, the values of all metrics were
transferred to standardised Ecological Quality Ratio (EQR), which takes into
account the measured value and reference value. EQR is set into the range
from 0 (the worst) to 1 (the best quality) and class boundaries given in
Table 1.
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The concentrations of total phosphorus and total nitrogen and water
transparency (Secchi disk visibility) were chosen as proxies to express the
degree of eutrophication. They were used as stressor parameters for phyto-
plankton development. The analysis of the relationship among the calculat-
ed metrics and between them and the environmental parameters was based
on the Spearman rank correlation, at the significance level of p<0.05. The
variability of phytoplankton metric values was analysed with reference to
the average seasonal concentrations of nutrients and water transparency.
The content of TP ranged from 0.023 to 0.125 mg dm–3 and TN from 0.742
to 3.258 mg dm–3 and SV varied from 0.65 to 4.88 m.

RESULTS

The tested phytoplankton-based methods classified the surveyed lakes
from a high to bad ecological status (Figure 1). The diversified assessments
of the status were obtained using different methods because they character-
ise the assemblage of planctic algae in different ways (in the case of reser-
voirs with an extremely different quantitative and qualitative phytoplankton
structure). Nevertheless, about 40% of lakes were assessed as being at least
in good status (high plus good status) according to both Polish and German
methods, whereas only about 25% were assessed as such by the Q Index.
The ecological status of the other natural reservoirs was assessed, depend-
ing on the used method, mainly as moderate or poor. The most divergent
assessments were obtained with respect to the bad ecological status. The
PMPL, PSI and Q Index classified about 6%, 0% and 29% of lakes as being
in this state, respectively.

The Polish phytoplankton-based method was closely connected with the
German and Hungarian methods. There was a statistically significant corre-
lation observed between the analysed metric values (Table 2). The strongest
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dependence was noted between the PMPL and PSI (r=0.822) and their par-
tial metrics, especially based on the chlorophyll a concentration, the total
biomass and the biomass of particular taxonomic groups. The exception was
the PTSI metric which was dependent on the occurrence of the indicator
species, and that one was not significantly correlated between the two meth-
od. A distinctly lower, but statistically significant relationship was observed be-
tween the Polish multimetric and Q Index describing taxonomic composition.
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Fig. 1. The ecological status assessment of lakes (n=39) based on three phytoplankton
methods: Polish (PMPL), German (PSI) and Hungarian (Q Index)

Explanation: PMPL – Phytoplankton Metric for Polish Lakes, MC – Metric Chlorophyll a,
MTB - Metric Total Biomass, MBC – Metric Biomass of Cyanoprokaryota, PSI – Phytoplank-

ton Seen Index, MB – Metric Biomass, MAC – Metric Algal Classes, PTSI – Phytoplankton
Taxa Seen Index
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In respect of all the tested metrics, a statistically significant correlation
was found with the main parameters expressing the eutrophication degree,
e.g. total phosphorus, total nitrogen and Secchi disk visibility (Tabble 3).
The strongest dependence occurred between the PSI and nutrient concen-
trations: PSI:TP (r=-0.793) and PSI:TN (r=-0.653). A slightly weaker rela-
tionship was observed with partial metrics. The lowest statistically signifi-
cant correlation was noted between the PTSI and all relevant parameters.
The Polish multimetric correlated significantly with the total phosphorus
and total nitrogen, but the weakest dependence was observed with the MBC
metric. The Q Index also showed quite a good relationship with  environ-
mental stressors. In nearly all the cases, total phosphorus was found to be
more strongly correlated with phytoplankton metrics than total nitrogen.
Regarding the light conditions in water, a significant relationship was found
with Secchi disk visibility. The highest correlation coefficient was identified
for the Q Index (r=0.812).
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Considering the lakes of different water mixing types, the most com-
mon statistically significant correlation was found between phytoplankton
data and environmental parameters in stratified lakes (Table 4). However,
the total phosphorus concentration was slightly more strongly correlated
with the Polish and German metrics in non-stratified lakes. The Hungarian
index responded reversely. The total nitrogen concentration was significant-
ly related to the PSI in stratified lakes and to the Q Index in non-stratified
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lakes. The composition metrics in the MBC and PTSI usually demonstrated
a negligible response to nutrients regarding the two different types of lakes.
The relationship with the Secchi disk visibility was stronger in stratified
than in non-stratified lakes.

The examined lakes (very shallow and shallow) display considerable gra-
dients in terms of nutrient enrichment and water transparency. Our analy-
sis of the phytoplankton metrics towards the chosen parameters showed
significant trends along the eutrophication gradient corresponding to an ap-
propriate ecological status from high to bad, according to the direction of
trophy growth. The values of all metrics decreased with the increasing TP
and TN gradients, but increased consistently with the Secchi disk visibility
gradient (Figures 2, 3). The metrics based on quantitative phytoplankton
features (biomass and chlorophyll a concentration) of the PMPL (MC, MTB)
and PSI (MB, MAC) reacted to the growth of eutrophication degree much
stronger than others, based on composition structure (MBC, PTSI) – Fig-
ure 2.
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Fig. 2. Relationships for the Polish (PMPL, MC, MTB, MBC) and German (PSI, MB, MAC,
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DISCUSSION

Phytoplankton, as the earliest component in the water food web, reacts
rapidly to nutrient enrichment. Species-specific strategic adaptations to the
different physicochemical parameters and nutrient availability allow some
estimates of population variability (DEVLIN et al. 2009). Their response to
specified environmental conditions are essential to being a very useful indi-
cator. Therefore, according to the WFD planctic algae together with bentic
flora, macroinvertebrates and fish are included as the biological quality ele-
ments (BQEs) for the ecological status assessment of lakes. Both phytoplank-
ton biomass and taxonomic composition with bloom-forming occurrence
should be applied for this purpose (WFD, Annex V). Each BQE (expressed as
proper index or metric) relates to different pressures in degree to be opera-
tional for water management. Several phytoplankton-based methods for eco-
logical status assessment of lakes, coastal and estuarine water bodies exist
in European countries (LEPISTÖ et al. 2006, PADISÁK et al. 2006, MISCHKE et
al. 2008, PTACNIK et al. 2009, DEVLIN et al. 2009). The newly elaborated Polish
method corresponds to the conditions and types of lowland lakes in Poland.
The applicability of this method is currently being tested using an intercali-
bration process (EC 2010) to ensure that the ‘good’ ecological status repre-
sents the same level of water quality in different areas in Europe (EC 2005).

Among all the 39 ‘lake years’ only about 40% of lakes were assessed as
having at least a ‘good’ ecological status. This status is defined as slight
changes in the composition and abundance of planktonic taxa compared to
the type-specific communities (EC2000/60/WE). The good ecological status is
determined on the basis of both biological and non-biological (physicochemi-
cal and hydromorphological) elements and is required for all natural surface
waters in European countries by 2015. Most of the surveyed lakes demon-
strated signs of higher distortion resulting from human activity and the
phytoplankton biomass was significantly more disturbed than under condi-
tions of the good status. Persistent blooms occurred in those lakes
(NAPIÓRKOWSKA-KRZEBIETKE et al. 2009), up to possible production of  toxins
producing.

The Polish phytoplankton multimetric and its component metrics showed
a strong correlation with the other analysed metrics (German, Hungarian),
which are used broadly and successfully for assessment in Europe (CROSSETTI,
DE M. BICUDO 2008, HAJNAL, PADISÁK 2008, KAIBLINGER et al. 2009). The con-
sistency between the lake assessment by the German method and the Polish
classification based on chlorophyll a concentration was also found for select-
ed Polish lakes in the previous research (PASZTALENIEC, PONIEWOZIK 2010), de-
spite the fact that the German PSI index covers a much larger number of
phytoplankton parameters than the PMPL and primarily takes into account
a much greater degree the species structure of the algal assemblage.
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The impact of the metric ‘Biomass of Cyanoprokaryota’ in the final as-
sessment is very significant, as it brings to the assessment elementary in-
formation on the structure of the phytoplankton biomass (the share of blue-
green algae in the total biomass). This group of phytoplankton is very
important and is commonly used as a partial metric for assessment in Po-
land as well as in other countries, mainly Belgium, Lithuania and the Unit-
ed Kingdom (EC 2010). The importance of blue-green algae is recognized
as a good indicator for phytoplankton response to eutrophication (LYCHE SOL-
HEIM et al. 2008).

The surveyed lakes are under various anthropogenic pressures, e.g. the
predominance of arable land in most of the lakes’ catchment areas, existing
village buildings, tourist facilities, various forms of tourism and point-sourc-
es of pollution entering directly the lakes or the Wel River. Additionally,
hydromorphologic differences were also observed between the lakes. A whole
range of environmental variables affected the final ecological status assess-
ments of the lakes. This corresponded quite well with the eutrophication
degree; as a rule of the thumb, a worse ecological status (worse water qual-
ity) equals a higher trophy status. Phosphorus and nitrogen are widely rec-
ognized as key nutrients and – for pressure determination – total rather
than available forms are used (mostly soluble reactive phosphorus, nitrate
and ammonium), which are characterized by much higher lability (MOSS et
al. 2003). The total phosphorus demonstrated a stronger relationship with
the used and tested metrics than total nitrogen, confirming that phosphorus
is usually the limiting nutrient for the growth of phytoplankton in lakes
(SCHINDLER 1977, GUILDFORD, HECKY 2000). In most cases, phytoplankton is
controlled by P concentrations (e.g. DOKULIL, TEUBNER 2005) and TP can be
a very good predictor of its development (LYCHE SOLHEIM et al. 2008, NÕGES et
al. 2009). Despite this fact, total nitrogen can correlate very strongly with
phytoplankton biomass and chlorophyll a concentration (CARSTENSEN, HENRIK-
SEN 2009). The N:P ratio in water columns of the surveyed lakes usually
reached values above the critical value of about 17 (ZDANOWSKI 1982). Only
in a few cases lower ratios of N:P were recorded which, indeed, correspond-
ed quite well with Cyanoprokaryota dominance in the summer phytoplank-
ton of the examined lakes (NAPIÓRKOWSKA-KRZEBIETKE et al. 2009). Despite the
facts that the Secchi disk visibility reflects effects of both phytoplankton and
inorganic and detrital turbidity, as well as dissolved colour substances in the
water (MOSS et al. 2003) and that phytoplankton is adaptable to low light
availability by producing more chlorophyll per unit biomass (GREISBERGER,
TEUBNER 2007), the water transparency was also taken into account as a proxy
for eutrophication. The visibility of Secchi disk is usually treated as a very
convenient summary of many features in lakes.

The current results show a quantitative and qualitative impact-response
change across a stressor gradient. In view of the strong correlation between
the values of the Polish phytoplankton metrics and the pressure factors, as
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well as the strong correlation between the values of the PMPL and PSI
metrics, the PMPL may be recommended as useful for the assessment of the
ecological status of lakes.

CONCLUSIONS

The newly developed Phytoplankton Metric for Polish Lakes (PMPL) is
significantly correlated with other widespread metrics (German and Hungar-
ian). The strongest correlation was observed with the Phytoplankton Seen
Index (PSI). All phytoplankton metrics were related to stress gradients and
a statistically significant correlation was found with the selected physico-
chemical parameters expressing the degree of eutrophication (total phospho-
rus, total nitrogen and Secchi disk visibility). The strongest dependence oc-
curred in the case of the PSI multimetric and its components. The
decreasing tendency of metrics values along the TP and TN gradient and
the increasing tendency along the Secchi disk visibility gradient confirmed
the ecologically important relationship to environmental stressors. The par-
tial metrics of the PMPL (MC, MTB) and PSI (MB, MAC) based on quantita-
tive phytoplankton features (chlorophyll a and biomass) were more sensitive
to the growth of eutrophication degree than other metrics based on indica-
tor taxa (MBC, PTSI). The Q Index classified the studied lakes more rigor-
ously than the PMPL and PSI, but responded very similarly to a trophy
increase.

These conclusions, in turn, enable us to recommend the Phytoplankton
Metric for Polish Lakes as a useful method for the assessment of the eco-
logical status of lakes. The intercalibration process of this method will con-
firm its applicability to assessment of lakes comparable to  water quality
assessments in different areas of Europe.
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EFFECT OF YEARS, FERTILIZATION
AND GROWING REGIONS

ON THE CONTENT AND FORMS
OF POTASSIUM IN SOIL*

Petr Škarpa, Jaroslav Hlušek
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Abstract

The dynamics of potassium (K) in soil was investigated in long-term small-plot field
trials at seven stations, where five combinations of fertilization were tested. The objective
of the experiment was to estimate the effect of the weather conditions, type of growing
region and increasing doses of fertilizers on the content of water soluble K (Sol-K), exchan-
geable K (Ex-K) and acid soluble K (Ac-K) in soils. The weather conditions had the stron-
gest effect on the total variability of the Sol-K (34.9%), to a lesser extent on the variability
of Ex-K (14.1%) and only negligibly on the Ac-K (0.3%). In the individual years of the
experimental period, the content of water soluble and Ex-K was particularly affected, chie-
fly by the weather and due to different demands of crops for this nutrient (leguminous
plants consume high amounts and cereals relatively low amounts of K). In fairly dry years
(e.g. 1982), the level of potassium (Sol-K and Ex-K) in soil was higher than in years with
precipitation above the average. The content of soluble and exchangeable K was positively
influenced by the application of potassium fertilization (0.989, 0.994, respectively). Compa-
red to the control, the content of Sol-K and Ex-K in the variant where the fertilizer dose
was the highest increased by 69.3 and 55.3%, respectively. Potassium fertilization (compa-
red to the control) raised the level of the Ac-K, but not significantly, also implying that the
effect of fertilization on the total variability of the Ac-K (0.6%) was virtually none. The
effect of the growing region on the total variability of the potassium content was higher
wherever the potassium bonding to the the sorption soil complex was stronger. The diffe-
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rences between the average levels of Sol-K characterizing the growing regions were not
statistically significant. The levels of Ex-K and Ac-K differed significantly in the sugar-beet
growing region, where the reserve was more than 40% higher than in the potato growing
region.

Key words: long-term field trials; water soluble K; exchangeable K; acid soluble K.

WP£YW LAT, NAZWO¯ENIA I REGIONU UPRAWY NA ZAWARTOŒÆ
I FORMY POTASU W GLEBIE

Abstrakt

Dynamikê zmian zawartoœci potasu (K) w glebie badano w trakcie wieloletnich do-
œwiadczeñ polowych ma³opoletkowych prowadzonych w siedmiu stacjach doœwiadczalnych,
z zastosowaniem piêciu kombinacji nawo¿enia. Celem doœwiadczenia by³o ocenienie wp³y-
wu warunków pogodowych, rodzaju regionu, gdzie prowadzono uprawê, oraz wzrastaj¹-
cych dawek nawo¿enia na zawartoœæ w glebie K rozpuszczalnego w wodzie (Sol-K), K wy-
miennego (Ex-K) oraz K rozpuszczalnego w kwasach (Ac-K). Warunki pogodowe wywar³y
najsilniejszy wp³yw na ca³kowit¹ zmiennoœæ Sol-K (34,9%), w mniejszym stopniu – na
zmiennoœæ Ex-K (14,1%), a ich wp³yw na zmiennoœæ Ac-K by³ niemal niezauwa¿alny (0,3%).
W poszczególnych latach doœwiadczenia zawartoœæ K rozpuszczalnego w wodzie i wymien-
nego podlega³a szczególnym wp³ywom badanych czynników, zw³aszcza warunkom pogodo-
wym i zró¿nicowanemu zapotrzebowaniu roœlin uprawnych na ten sk³adnik od¿ywczy (ro-
œliny str¹czkowe zu¿ywaj¹ du¿e iloœci potasu, roœliny zbo¿owe zaœ potrzebuj¹ niewielkich
iloœci tego pierwiastka). W stosunkowo suchych latach (np. 1982) zawartoœæ potasu (Sol-K
i Ex-K) w glebie by³a wy¿sza ni¿ w latach z opadami powy¿ej œredniej. Na zawartoœæ K
rozpuszczanego i wymiennego dodatnio wp³ywa³o zastosowanie nawo¿enia potasowego (od-
powiednio 0,989 i 0,994). W porównaniu z kontrol¹, zawartoœæ Sol-K i Ex-K w wariancie
z najwy¿sz¹ dawk¹ nawozu wzros³a odpowiednio o 69,3 i 55,3%. Nawo¿enie potasem (w
porównaniu z kontrol¹) wp³ynê³o na zwiêkszenie zawartoœci Ac-K, aczkolwiek nie by³ to
wzrost statystycznie znacz¹cy, co wskazuje tym samym, ¿e wp³yw nawo¿enia na ca³kowit¹
zmiennoœæ Ac-K (0,6%) by³ niemal zerowy. Wp³yw regionu uprawy na ca³kowit¹ zmiennoœæ
zawartoœci potasu by³ silniejszy w przypadku silniejszego wi¹zania potasu z kompleksem
sorpcyjnym gleby. Ró¿nice miêdzy œrednimi zawartoœciami Sol-K w obu regionach nie by³y
istotne statystycznie. Zawartoœci Ex-K i Ac-K ró¿ni³y siê statystycznie w regionie uprawy
buraka cukrowego, gdzie ich rezerwa by³a o 40% wy¿sza ni¿ w regionie uprawy ziemniaka.

S ³ o w a  k l u c z o w e : wieloletnie doœwiadczenie polowe, K rozpuszczalny w wodzie,
K wymienny, K rozpuszczalny w kwasie.

INTRODUCTION

Potassium is an essential element for plants and animals, and is consid-
ered a major nutrient element together with nitrogen and phosphorus
(OBORN et al. 2005). Generally, it is not a limiting element in agricultural
systems, but it is a major nutrient for crop quality and yield in intensive
grass or lucerne dominated systems and rotations dominated by potatoes
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and green vegetables (WHITEHEAD 2000). In agricultural production, including
many organic farming systems, K has become a limiting element, especially
in areas dominated by coarse-textured or organic soils (GOULDING, LOVELAND

1986). Its deficiency may reduce plant production quantitatively as well as
qualitatively and typical visible deficiency symptoms are chlorosis and necro-
sis on the tips and margins of mature leaves.

The total content of K depends on the parent material, soil type and
mineralogy. Traditionally, four forms of soil K are recognized: structural or
mineral K, non-exchangeable K, also referred to as fixed K, exchangeable K
and K in water solution (SPARKS 1987). Exchangeable and water solution K
are often considered readily available to plants (SPARKS 1987), while interlay-
er and fixed K is frequently described as slowly or potentially available and
structural K as almost unavailable (PAL et al. 1999, řGAARD et al. 2001). The
acid soluble K stands for that part of soil K which forms a transitional form
between the exchangeable and non- exchangeable forms, which only mini-
mally contribute to plant nutrition. It is the soil K which is released from
inter-lamellar spaces of some potassium alumo-silicates after the disintegra-
tion of their crystal lattice. According to HUDCOVA and VOPLAKAL (1981), this
fraction more adequately characterizes the natural reserve of potassium in
the soil than exchangeable potassium.

There is a dynamic equilibrium between the phases of soil K (SPARKS

1987), hence all factors that affect this equilibrium reactions will indirectly
affect the volume of different K forms.

The objective of this study was to determine the effect of year, mineral
fertilizers, organic manure and types of growing regions on the content
of potassium forms in the soil.

MATERIAL AND METHODS

Experimental design
The experiment was established at 7 sites in potato (altitude 400-650 m

a.s.l., annual average temperature 5-8oC, annual average precipitation 550-
-900 mm, predominant cambisols) and sugar-beet growing regions (altitude
250-350 m a.s.l., annual average temperature 8-9oC, annual average precipi-
tation 500-650 mm, predominant chernozems and haplic luvisols) as a long-
term, small-plot stationary trial. It was conducted by the Central Institute
for Supervising and Testing in Agriculture between 1982 and 1998. Table 1
gives the characteristics of the sites.

The experiment comprised 5 combinations of fertilization, in 3 replica-
tions. Table 2 shows the average content of N, P and K, which were applied
in organic fertilizers (farm manure) and mineral fertilizers at three levels
(low – N1P1K1, medium – N2P2K2, high – N3P3K3). In both production re-
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gions, mineral fertilizers containing phosphorus and potassium were sup-
plied as a reserve in autumn of the preceding year. The source of phospho-
rus was granulated super-phosphate; potassium was applied as potassium
chloride. Nitrogen was applied in ammonium sulphate during pre-sowing
soil preparation and ammonium nitrate with lime was applied as additional
foliar nutrition. Organic fertilizers were applied twice in the crop rotation;
40 t ha–1 of good-quality farm manure was incorporated in the sugar-beet
growing region under maize for silage and under sugar-beet, and in the
potato growing region – under potatoes (the average doses of nutrients ap-
plied in manure are shown in the Table 2).

The crops in the experiment were grown in regular crop rotations. Be-
fore 1989 (1981-1989) nine plots were used for crop rotations in both grow-
ing regions; from 1990 (1990-1997 and 1998-2005) the crop rotations were
arranged in eight plots; 50% of the crops were cereals. The crops grown in
the experimental years are mentioned in the Table 3. Table 4 shows the
weather conditions during the experiment.
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Soil sampling and analysis
Soil was sampled at all the sites in autumn 1982, 1987, 1991, 1995 and

1998. Soil samples were taken from the 0-30 cm depth. Samples were dried
naturally and passed through a 2-mm sieve. The solution potassium of the
soil in its dry state (in the text abbreviated as Sol-K) was determined using
distilled water solution [ratio of soil to solution of 1:5 (w/v)] (JAVORSKÝ et al.
1987) and measured by atomic absorption spectrometry (AAS) on a Carl Zeiss
Jena AAS-30 apparatus. Exchangeable K of the soil in its dry state (in the
text abbreviated as Ex-K) was estimated by the method of JONES (1990), with
the soil extracted with solution Mehlich III (NH4F, NH4NO3, CH3COOH,
HNO3 and EDTA) [ratio of soil to solution of 1:10 (w/v)]. The concentration
of K in the extract was measured by atomic absorption spectrometry (AAS).
K-HNO3 was extracted by boiling a soil sample in its dry state in 1 M
HNO3 for 10 min [ratio of soil to solution of 1:10 (w/v)] (NEUBERG 1985). After
filtration, the K concentration in the extract was measured by atomic ab-
sorption spectrometry (AAS). The exchangeable K value was subtracted from
the K-HNO3 value and the difference is called acid soluble K (in the text
abbreviated as Ac-K).

Statistical evaluation
The results of chemical soil analyses were computer-processed and set

up using the Microsoft Excel editor. The Statistica 7.1 programme was used
for determination of the overall characteristics. Arithmetic means were cal-
culated when evaluating the results. In order to elaborate the significance
of differences among the arithmetic means of each characteristic, we used
one- and two-way analysis of variance, followed by testing at a 95% (p<0.05)
level of significance using Tukey’s test.

RESULTS AND DISCUSSION

The results of the long-term trial showed that the amount of potassium
representing the above forms and its spatial and temporal variability prima-
rily depended on the bonding of potassium to the sorption complex of the
soil and exchangeability of the potassium pool. This conclusion is based on a
big difference in the effects produced by individual factors (weather during
the year, fertilization and growing region) expressing the overall variability
of the respective K forms, which was particularly evident between the in-
tensively (water soluble and exchangeable potassium) and extensively (acid
soluble potassium) available potassium.
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The effect of the weather conditions of the year
The variability of amounts of water soluble and exchangeable forms

of potassium monitored in the individual experimental years (Table 5) was
mainly attributed to the changeable weather and to the different demands
of the crops for this nutrient. The conclusions of JOUANY et al. (1996), BERRY

et al. (2003) and HOLMQVIST et al. (2003) confirmed that the climate in a given
year was one of the basic factors affecting the K content in soil and had the
strongest effect on the total variability of Sol-K (Table 6). The highest K
content was detected in the first experimental year and was statistically
significantly higher [F (4; 125) = 6.50, p=0.001] than in 1991 and 1995, i.e.
by 42.3 and 24.4%, respectively (Table 5). The high content of Sol-K detect-
ed in 1982 was probably due to the low sum of precipitation of the year,
which was below the long-term average. This is confirmed by HUDCOVA and
FURST (1982), ZENG and BROWN (2000) and MENGEL et al. (2001), who stated
that the content of water in the soil considerably affected the amount of Sol-
K. POSS et al. (1991) further discovered that in dry years the uptake
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of potassium from the soil and from fertilizers decreased, while the content
of K in the soil increased. Table 5 shows that also the content of Ex-K was
statistically the highest in 1982 [F150 (4; 125) = 7.15, p<0.001]. Most of this
form of K was absorbed and hence the reserve in the soil was the lowest in
1991, when red clover was incorporated in the crop rotation, confirming the
fact that of all leguminous plants absorb most of potassium (PAL et al. 1999,
WANG et al. 2000). In 1987, 1995 and 1998, the average amount of Ex-K
ranged between 120 and 147 mg kg–1. The crop rotations then included
cereals, which – according to KUHLMANN and WEHRMANN (1984) and ASKEGAARD

et al. (2003) – have a relatively low demand for potassium. This develop-
ment corresponds with the conclusions of MENGEL et al. (2001), who stated
that changes in the content of Ex-K are caused by the succession of crops in
crop rotations. The trend in time-related variability of this potassium frac-
tion was closely correlated with the trend in Sol-K. The conclusions of BRAR

et al. (1986) confirmed this fact. However, the weather conditions of the
year affected the exchangeable form of K to a lesser extent (Table 6) and
their effect on the overall variability of the Ac-K was virtually zero. This
corresponds to the statistically insignificant differences between the content
discovered in the individual years of the experiment [F (4;125) = 0.11, p=0.979]
– Table 5. The greatest difference was observed between the years 1982 and
1998; the Ac-K increased by 7.3%.

The effect of fertilization
Fertilization was the decisive factor affecting the variability of the con-

tent of the Sol-K (Table 6) [F (4;125) = 8.91, p<0.001]. The correlation coeffi-
cient r=0.989 expresses the positive effect of this factor on the water soluble
form of K and is consistent with the opinion of HUDCOVA and SIROVY (1981),
HUDCOVA (1989), HEMING (2004) and FORTUNE et al. (2005), who discovered that
the concentration of the Sol-K is dependent primarily on potassium fertiliza-
tion. In our trial, fertilization with 160 kg K ha–1 increased the content of
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this form of K by 69.7% compared to the unfertilized variant (Table 5). BANSAL

et al. (2002) also confirmed the positive effect of 177 fertilization; they dis-
covered that in the course of 10 years the average content of Sol-K in un-
fertilized soil decreased from 14.5 to 11.3 mg kg–1. Analogously, the correla-
tion coefficient (0.994) of Ex-K showed its strong dependence on increasing
doses of K fertilizers. HUDCOVA (1985) and ASKEGAARD and ERIKSEN (2002)
reached the same conclusions; the latter found a positive correlation be-
tween Ex-K and increasing doses of fertilizers, also in combination with lim-
ing and particularly with organic fertilization. In the present experiment,
the statistically significantly lowest content of Ex-K was monitored in the
control variant (Table 5) and the highest one appeared in variant 5
[F (4;125) = 6.42, p<0.001]. HRTANEK (1987) likewise reported an increased con-
tent of the Ex-K from 117 mg kg–1 (unfertilized variant), to 174 mg kg–1

(variant fertilized with 113 kg K ha–1) to 244 mg kg–1 in the variant ferti-
lized with the highest dose (226 kg K ha–1). RICHTER et al. (2002) likewise
discovered that this form of K was much dependent on fertilization (r=0.762
– 0.964). These authors further reported that after the application of 1 kg of
K fertilizers the level of exchangeable potassium increased by 0.15-0.42 mg
kg–1 depending on the soil type In our experiment, the increase was very
much the same, ranging between 0.30 and 0.50 mg kg–1. The data given in
the table 5 indicate that potassium fertilization (compared to the control)
also increased the level of the Ac-K. However, among the individual vari-
ants, including the control, no significant differences were found (Table 5)
[F (4;125) = 0.19, p=0.944]. The effect of fertilization on the total variability
was negligible (Table 6). Also HUDCOVA and SIROVY (1981) proved that fertiliza-
tion did not considerably affect the acid soluble potassium. But other results
presented by HUDCOVA and VOPLAKAL (1981) indicated that intensive NPK fer-
tilization increased the content not only of Ex-K, but also of forms with
stronger potassium bonds (acid soluble K and total K). Also TAKAC and PESLO-
VA (1994) proved that especially potassium supplied in fertilizers produced
this form. On the contrary, HRTANEK (1987) discovered that increasing doses
of fertilizers had no effect on the content of Ac-K.

The effect of the growing region
The results confirmed that the growing region is an important factor

affecting mainly the content of the Ac-K. Table 6 shows that the effect of the
factor on its total variability increased with the increasing intensity of the
bonding of potassium to the sorption soil complex. The differences between
the average content of Sol-K characterizing the growing regions were not
statistically significant (Table 5) [F (1; 125) = 0.82, p=0.367]. A significant
difference was detected in the Ex-K [F (1; 125) = 34.99, p<0.001] and Ac-K [F
(1; 125) = 30.32, p<0.001]. The amounts of both of these fractions of potassi-
um were 40 % higher in the sugar beet growing region than in the potato
growing region (Table 5).
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Abstract

The measurements of atmospheric radon concentration were carried out for one year
at the turn of 2008/2009, using Kodak LR 115 passive track detectors. The average atmo-
spheric radon activity near the phosphogypsum stack was 104 Bq m–3. This is below the
level accepted for indoor air. The results indicate that there are strong positive correla-
tions between radon concentration and temperature (r=0.9) or atmospheric pressure
(r=0.9) and a negative correlation between radon concentration and humidity (r=-0.7) or
wind velocity (r=-0.7). Moreover, for all monitoring points the correlation between radon
atmospheric concentrations measured in four seasons of the year were analyzed. The cor-
relation coefficients are as follows: winter-summer 0.7, winter-autumn 0.2, winter-spring
0.2. Influence of radon exhalation from the stack was especially distinct in winter when
the background radon activity was low. Spring and autumn farmland cultivation works
increase radon exhalation from the soil, so that the contribution of radon emitted from
the stack was less obvious.

Key words: radon activity concentration, phosphogypsum stack, correlation coefficients
of radon concentration, meteorological parameters.
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STÊ¯ENIE RADONU W ATMOSFERZE W OKOLICY HA£DY FOSOFGIPSÓW
W WIŒLINCE (PÓLNOCNA POLSKA)

Abstrakt

Pomiary stê¿enia radonu w atmosferze przeprowadzono w ci¹gu jednego roku, na
prze³omie lat 2008/2009, z u¿yciem detektorów Kodak LR-115. Œrednie stê¿enie radonu
w atmosferze wynosi³o 104 Bq m–3, co jest wartoœci¹ poni¿ej dopuszczalnego stê¿enia tego
gazu w budynkach mieszkalnych. Wykazano silne dodatnie korelacje miêdzy stê¿eniem ra-
donu i temperatur¹ (r=0.9), i ciœnieniem atmosferycznym (r=0.9) oraz ujemne korelacje
miêdzy stê¿eniem radonu a wilgotnoœci¹ powietrza (r=-0.7) oraz prêdkoœci¹ wiatru (r=-0.7).
Ponadto obliczono korelacjê miêdzy stê¿eniami radonu zarejestrowanymi w wyznaczonych
punktach pomiarowych w poszczególnych sezonach. Wspó³czynniki korelacji w sezonach:
zima – lato, zima – jesieñ, zima – wiosna wynosz¹ odpowiednio: 0,7; 0,2; 0,2. Wp³yw eksha-
lacji radonu z ha³dy na stê¿enie radonu w atmosferze jest szczególnie widoczny w sezonie
zimowym, w którym poza obszarami s¹siaduj¹cymi z ha³d¹ rejestruje siê najni¿sze w roku
stê¿enie tego gazu. Wiosn¹ i jesieni¹ prace rolnicze wp³ywaj¹ na wzrost ekshalacji radonu
z gruntu, przez co udzia³ radonu, który wydosta³ siê z ha³dy, staje siê mniej wyrazisty.

S³owa kluczowe: stê¿enie radonu, ha³dy fosfogipsowe, wspó³czynniki korelacji miêdzy
stê¿eniem radonu a parametrami meteorlologicznymi.

 INTRODUCTION

The monitoring of atmospheric radon activity around a phosphogypsum
stack located on the Baltic coast in northern Poland was carried for four
seasons from autumn 2008 to autumn 2009. Phosphogypsum, a byproduct of
phosphate processing, is a well known source of radon (RABI, MOHAMAD 2006,
DUEÑAS et al. 2007, LYSANDROU et al. 2007). Phosphates, especially sedimenta-
ry ones, have a high uranium content. In deposits found in Marocco and
Florida, it reaches 1500-1700 Bq kg–1 (SKOROVAROV et al. 1998). Concentra-
tions of the activity of natural radionuclides in phosphogypsum in different
countries are listed in Table 1 (BERETKA, MATHEW 1985, FOURATI, FALUDI 1988,
KOBAL et al. 1990, LAICHE, SCOTT 1991, LUTHER et al. 1993, RUTHERFORD et al.
1994, BURNETT et al. 1996, HULL, BURNETT 1996, PAPASTEFANOU et al. 2006, BOR-
REGO et al. 2007, ABRIL et al. 2009, DUEÑAS et al. 2010). High radium and low
uranium concentrations in phospogypsum are connected with radionuclide
separation during the wet acid process. Because of the high radium content,
using phosphogypsum in civil engineering (RABI, SILVA 2006, REIJNDERS 2007,
TAYIBI et al. 2009, MÁDUAR et al. 2011) and agriculture (PAPASTEFANOU et al.
2006, ABRILL et al. 2008, 2009) is controlled. In agriculture, the EPA radium
activity limit is set at of 370 Bq kg–1 (EPA, Federal Register 1999).

The main aim of this study was to evaluate the environmental impact
of a phosphogypsum stack on radon activity concentration. Another objec-
tive was to describe the seasonal variation of this phenomenon.
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MATHERIAL AND METHODS

The examined phosphogypsum stack is located in the northern part
of Poland, close to the Baltic Sea (Figure 1A), southeast of Gdansk, in the
vicinity of a small village called Wiœlinka.

The climate of the area transitional between maritime and continental.
It is also strongly influenced by the lowland topography of this part of Eu-

Table 1
Concentrations of natural radionuclides in phosphogypsum in different countries

5.8
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Fig. 1.  Results of atmospheric radon monitoring:  A) Area of the investigation and main
directions of atmospheric air migration,  B) Distribution of radium equivalent activity of the

gamma dose for the  Wiœlinka phospogypsum stack. Black class column corresponds to
gamma spectrometric laboratory measurement of Wiœlinka phosphogypsum, C) Seasonal
variation of average radon activity concentration, D) Seasonal changes in spatial distribu-
tion of atmospheric radon activity around the phosphogypsum stack connected with the

cumulative air movement vector and wind directions
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rope, resulting in air masses moving quickly from the Atlantic Ocean or the
North Sea. Arctic marine, arctic continental, polar marine, polar continen-
tal, tropical marine and tropical continental air masses enter this area de-
pending on regional meteorological conditions.

The main pressure systems that affect the weather are the Icelandic
low (stronger in winter) and the Azores anticyclone (more active in sum-
mer), and the changing atmospheric fronts from Asia: the East Asian high
in winter and the South Asian low in summer. However, the Baltic Sea is
the major contributor to the local climate.

This part of Poland has predominantly westbound winds, caused by the
eastward movement of barometric lows from the Atlantic (Figure 1A). In
summer months, westerlies (WSW) prevail, whereas in other seasons east-
erlies (NE) are more significant. The winds are typically weak to moderate,
with velocity between 2 to 10 m s–1. Strong and very strong winds occur at
the seaside, causing storms; there their velocity may exceed 30 m s–1. South-
ern and northern winds of local significance are sea and land breezes. In
that area, the southern direction of winds is promoted by the local relief,
dominated by the broad N-S Vistula River valley.

Spring starts in March, with temperatures varying from -1 to +20oC,
and lasts until June. Summer is quite warm, with the temperatures record-
ed during our study up to 31.3oC. In autumn, days become colder until
December, when winter begins and the temperature oscillates between a few
degrees above 0oC, dropping to -16.7oC during our study. Winters last from
December to March and include shorter or longer periods of snow. The
ground is frozen from December to March. The average number of cloudy
days a year, with the sky more than 80% overcast, is 120-160; there are
30-50 sunny days, with cloudiness below 20%. The annual precipitation ranges
between 400 mm and 750 mm. The maximum precipitation occurs in au-
tumn.

This area is a lowland and partly a depression, situated in the delta of
the Vistula River. The fertile soils developed on alluvial muds encourage
intensive agricultural activity. Locally, the subsoil bedrock consists of glacial
sediments of the Pleistocene era as well as lacustrine and shallow marine
sediments connected with various stages of Baltic Sea history.

The phosphogypsum stack covers an area of 36 ha and is 46 m high.
Phosphogypsum dumping started in 1972. Since 1998, phosphogypsum stack
has been reclaimed in the parts where the disposal was finished. Mixtures
of water, sewage and grass seeds were used for rehabilitation of its surface.

Because of the ongoing reclamation works, the direct access to the tail-
ing area was impossible, so the radiological characteristics of its material
are based on the gamma dose data obtained by courtesy of the Fosfory
Ciech company (BIERNACKA et al. 2005). Gamma dose variation in the tailing
area varies in the range 144-400 nSv h–1, which is an equivalent of radium
activity in the range 337-937 Bq kg–1 (Figure 1B). Radium activity of the
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Wiœlinka phosphogypsum, according to the gamma spectrometric laboratory
measurements obtained by courtesy of Greenpeace (personal communica-
tion), is of the order 870 Bq kg–1. Published data on radium activity from
other phosphogypsum stacks show that in Moroccan phosphorites it varies in
the range 580±30 to 670±35 Bq kg–1 (BOLÍVAR et al. 2009). This corresponds to
the modal class distribution of the diagram presented in Figure 1B.

The monitoring of atmospheric radon activity was carried out from au-
tumn 2008 to summer 2009 in 30 sites (some of the detectors during exposi-
tion were lost) localized around the phosphogypsum stack at Wiœlinka. The
measurements were carried out using Kodak LR-115passive track detectors.
The detectors were placed in chambers designed for protection against insu-
lation and humidity. The chambers were fixed on trees at a height of 1.5 m
above the ground. The detectors were exposed in the periods: 26.10.2008-
-8.01.2009, 9.01.2009-1.04.2009, 2.04.2009-17.06.2009 and 18.06.2009-2.10.2009,
roughly corresponding to the seasons: autumn, winter, spring and summer.
After exposure, the detectors were transported to a laboratory, where they
were etched for 1.5 h in 2.5 N NaOH at 60oC. Tracks generated by the
alpha-particle impact were counted using an optical microscope at the mag-
nification of 100x. Density of the tracks was converted into radon concentra-
tion using calibration coefficients as described by SRIVASTAVA et al. (1995).

Data on the temperature, humidity, atmospheric pressure, wind velocity
and direction were obtained by courtesy of the Foundation Armaag, which
provides information on meteorological conditions in the Gdansk agglomera-
tion. Their measurements were carried out in an automatic measuring sta-
tion in the vicinity of the phosphogypsum stack. Average values for one-
hour periods were obtained. Temporal variation in temperature, pressure,
humidity and wind velocity was analyzed for series covering the radon mon-
itoring period. In respect of winds, not only distribution of wind directions
and velocity but also the combined parameter called cumulative air move-
ment was analyzed.

RESULTS AND DISCUSSION

The average radon concentration for the whole measurement period was
104 Bq m–3, which is significantly higher than 4.4 Bq m–3 and 6.5 Bq m–3

obtained for whole Poland by BIERNACKA et al. (1991) and Jagielak et al.
(1998), respectively. Comparable results have been reported from Bad Gastein
in Austria (30-100 Bq m–3; POHL-RÜLING, HOFMANN 2002) and from the coal
mining town Nowa Ruda in Poland (98 Bq m–3; TCHORZ-TRZECIAKIEWICZ, SOLECKI

2011).
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The seasonal variation in radon concentration in the atmosphere is pre-
sented in Figures 1C and 2. The highest values were measured in summer
(the average 100 Bq m–3), and the lowest – in winter (the average 88 Bq m–3),
whereas in spring and autumn the radon concentrations were intermediate.

The seasonal variation in meteorological parameters such as tempera-
ture, atmospheric pressure, relative humidity, wind velocity, wind direction
and cumulative air movement is shown in Figure 2 and 1D. The average
temperature varied from 1oC in winter to 17oC in summer; the average
atmospheric pressure was from 1009 hPa in winter to 1015 hPa in spring;
the average relative humidity was from 71% in spring to 84% in autumn;
the average wind velocity was 2.1 m s–1.

Correlation of the seasonal variation in the atmospheric radon concen-
tration with the meteorological parameters is presented in Figure 3A. Pear-
son’s correlation coefficients are shown above the trend lines. The correla-
tion coefficients indicate that radon concentration was strongly positively
correlated with temperature (r=0.9) and pressure (r=0.9). Correlation with
humidity and wind speed was negative (inverse) and the same in both cases
(r=-0.7).

The positive correlation between temperature and radon concentration
is consistent with the results obtained by ISRAELSSON et al. (1972), MORISS

and FRALE (1989), STRANDEN et al. (1991), SUNDAL et al. (2008), PRASAD et al.
(2008). Those researchers have noticed that higher temperature increases
radon exhalation from the ground and thus increases radon concentration
in the atmosphere. The negative correlation between relative humidity and
radon concentration is the result of negative correlation between tempera-
ture and relative humidity. It is commonly known that temperature increase
results in the decrease of relative humidity.

Frozen soil and snow cover reduce radon exhalation from the ground
(YAMAZAWA et al. 2005). In the investigated area, the snow cover and frost
kept the winter average value of radon concentration the lowest of all sea-
sons. The present results (Figure 1D) indicate that radon anomaly around
the stack was more distinct. The most probable explanation is that the snow
cover was thinner on the stack and thicker on the ground around the stack.
Moreover the wind velocity and cumulative air movement vector were the
lowest in winter (Figure 1D). The highest concentrations of radon were
measured near the stack; further away the values were lower. Apart from
the strong influence of the stack, the effect of the wind direction was no-
ticeable. The concentric contours indicating radon concentrations around the
stack are stretched in the NW-SE direction. It was only in winter that the
relation between radon activity in the atmosphere and the distance from
the stack and wind direction was so clear.

The positive correlation between atmospheric pressure and radon con-
centration indicates that increase in atmospheric pressure results in higher
radon concentration. This is consistent with the results obtained by COSMA
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Fig. 2. Correlation of atmospheric radon activity with meteorological parameters

et al. (1999) and CIGOLINI et al. ( 2009), but contradicts the findings of CLE-
MENTS and WILKENING (1974) and DÕRR and MÛNNICH (1990). The latter con-
cluded that a 1% drop in atmospheric pressure results in an increase of
radon exhalation by 6%.
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For all the monitoring points, the correlation between radon atmospheric
concentration measured in various seasons was analyzed. The correlation
coefficients were as follows: 0.7 for winter-summer, 0.2 for winter-autumn
and 0.2 for winter-spring (Figure 3b). The positive correlation coefficient
between winter and summer (r=0.7) means that the spatial distribution pat-
tern of the measured values was similar in both seasons. The correlation
coefficients between winter-autumn and winter-spring (r=0.2) indicate that
there is no correlation between these seasons.

Fig. 3. Correlations of atmospheric radon activity concentration: a – with meteorological
parameters, b – for results obtained at measurements points in various seasons

a

b
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The lack of correlation of winter measurements with autumn and spring
ones cannot be explained only by the changes of wind direction, because in
the summer the wind direction was different than in the winter, but the
correlation between these two seasons is still significant. There must be an
additional factor other than wind direction which modifies the spatial distri-
bution of the atmospheric radon concentration. The whole area around the
stack is rural in character and most of the farming practice takes place in
autumn and spring. In these seasons, the plant cover is less dense than in
summer. Soil cultivation causes loosening of the soil structure, which can
stimulate radon exhalation from the ground. The surveys done by CHAUHAN

and CHAKARVARTI (2002), SHWEIKANI et al. (1995) support the hypothesis that
loose soil structure is a factors that facilitates radon transport. Radon exha-
lation from cultivated fields strongly influenced its distribution pattern
around the stack.

CONCLUSIONS

The measured radon concentrations do not exceed the values accepted
for indoor air. The influence of radon exhalation from the stack was espe-
cially distinct in winter, against the background of generally low values of
winter radon activity. Spring and autumn soil cultivation increased radon
exhalation from the soil, so that the contribution of radon emitted from the
stack was less obvious.
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Abstract

Phytoremediation is one of the ways of removing toxic metals from soil. Phytoreme-
diation relies on using plants which are highly capable of absorbing heavy metals to remo-
ve them from soil. In order to determine the effect of the degree of soil contamination
with zinc on the production of biomass and concentration of zinc in ryegrass, a pot experi-
ment was carried out, consisting of 6 treatments in which gradually increasing doses of zinc
were used: control treatment (without zinc), 25, 50, 100, 200 and 400 mg Zn kg–1 off soil.
The experiment was conducted on two types of soil, different in the cation exchange capa-
city: sand and sandy loam. The tested plant was perennial ryegrass cv. Nira.

The toxic effect of zinc on the growth of ryegrass was much more pronounced in the
case of plants grown on sand than on sandy loam. When ryegrass was grown on sand, the
toxic effect of zinc was observable even when the lowest rate of zinc had been introduced
to soil: the biomass of the first cut was considerably depressed. On sandy loam, the toxic
effect of zinc was not manifested until the highest rate of the contaminant had been in-
troduced to soil (400 mg Zn kg–1 of soil).

The experiment has demonstrated the presence of a strong, statistically verified cor-
relation between the content of zinc in soil extracted in 1 M HCl and the concentration
and uptake of this metal in the following cuts of ryegrass. The concentration of zinc in
grasses from the first cut was very high: 1660 mg Zn kg–1 d.m. on sand and 1200 mg
Zn kg–1 d.m. on sandy loam. A one-year cultivation of perennial ryegrass only slightly lo-
wered the content of zinc in soil. Although the concentration of zinc in harvested grass
was very high, the total uptake was just a small percentage (1-2%) of the quantity of this
metal introduced to soil. Perennial ryegrass cv. Nira is capable of accumulating very high
amounts of zinc and is well tolerant to a high content of Zn in soil, which is why it can be
used for sowing on land polluted with this heavy metal.

Key words: zinc, phytotoxicity, phytoremediation, perennial ryegrass.
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REAKCJA ¯YCICY TRWA£EJ (LOLIUM PERENNE L.)
NA ZANIECZYSZCZENIE GLEBY CYNKIEM

Abstrakt

Jednym ze sposobów oczyszczania gleb z toksycznych metali jest fitoremediacja, pole-
gaj¹ca na wykorzystaniu roœlin o du¿ej zdolnoœci do pobierania znacznych iloœci metali ciê¿-
kich do usuwania ich z gleby. W celu okreœlenia wp³ywu stopnia zanieczyszczenia gleby
cynkiem na produkcjê biomasy i koncentracjê cynku w ¿ycicy trwa³ej wykazano doœwiad-
czenie wazonowe, sk³adaj¹ce siê z 6 obiektów, na których zastosowano wzrastaj¹ce iloœci
cynku: obiekt kontrolny (bez Zn), 25, 50, 100, 200 i 400 mg Zn kg–1 gleby. Doœwiadczenie
prowadzono na dwóch glebach, ró¿ni¹cych siê pod wzglêdem pojemnoœci sorpcyjnej: piasku
i glinie piaszczystej. Roœlin¹ testowan¹ by³a ¿ycica trwa³a, odmiany Nira.

Toksyczne dzia³anie cynku na wzrost ¿ycicy ujawni³o siê w znacznie wiêkszym stopniu
w przypadku uprawy na piasku ni¿ na glinie piaszczystej. W doœwiadczeniu na piasku ju¿
po zastosowaniu najmniejszej dawki cynku (25 mg Zn kg–1 gleby) nast¹pi³o istotne zmniej-
szenie masy pierwszego odrostu traw, natomiast na glinie piaszczystej toksyczne dzia³anie
cynku ujawni³o siê dopiero po najwiêkszym zanieczyszczeniu gleby tym metalem (400 mg
Zn kg–1 gleby).

Badania wykaza³y istnienie silnej, statystycznie udowodnionej korelacji miêdzy zawar-
toœci¹ cynku w glebie, ekstrahowanego 1 M HCl, a koncentracj¹ oraz pobraniem Zn z plo-
nem kolejnych odrostów ¿ycicy. Wraz ze wzrostem zanieczyszczenia gleby cynkiem istotnie
zwiêksza³a siê koncentracja oraz pobranie tego metalu przez trawy. Stê¿enie cynku w ¿yci-
cy pierwszego odrostu, rosn¹cej na glebie o najwiêkszym zanieczyszczeniu tym metalem, by³o
bardzo wysokie i wynosi³o 1660 mg Zn kg–1 s.m. na piasku oraz 1200 mg Zn kg–1 s.m.
na glinie piaszczystej. Jednoroczna uprawa ¿ycicy trwa³ej tylko nieznacznie wp³ynê³a na
zmniejszenie zawartoœci cynku w glebie. Pomimo bardzo wysokiej koncentracji cynku w tra-
wach ca³kowite pobranie stanowi³o tylko niewielk¹ czêœæ (1-2,5%) iloœci tego metalu wprowa-
dzonego  do gleby. ¯ycica trwa³a odmiany Nira charakteryzuje siê zdolnoœci¹ do akumulacji
bardzo du¿ych iloœci cynku oraz dobrze znosi wysok¹ koncentracjê Zn w glebie, dlatego mo¿e
byæ wykorzystywana do zasiedlania terenów zanieczyszczonych tym metalem ciê¿kim.

S³owa kluczowe: cynk, fitotoksycznoœæ, fitoremediacja, ¿ycica trwa³a.

INTRODUCTION

The emission of zinc from industrial sources, compared to that of other
trace elements, is relatively high. Moreover, zinc in soil is a highly mobile
element, which makes it a serious threat to the natural environment. In
Poland, the percentage of soils to a greater or lesser degree contaminated
with zinc is estimated to equal ca 11.3% (TERELAK et al. 1995).

Soil contamination with zinc causes retardation of plant growth, and its
accumulation in crops may reach values dangerous to animals and people
(BARAN, JASIEWICZ 2009). The phytotoxic effect of zinc depends mainly on soil
properties, such as soil reaction, organic matter content orsoil absorbing
complex, as well as the species of a crop and its current developmental
phase (ROSZYK et al. 1988, RUSZKOWSKA 1991, £YSZCZ, SPIAK et al. 2000, KABATA-
-PENDIAS 2002, BARAN et al. 2008, GAMBUŒ et al. 2004).
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Reclamation of soils burdened with high levels of heavy metals is
a difficult and expensive process, which is why it is not conducted on a large
scale. Phytoremediation is one of the ways in which excess heavy metals
are removed from soil. Phytoremediation means growing plants which are
highly capable of absorbing heavy metals from soil, thus removing them
from the soil environment. Hyperaccumulators are the plant species which
can contain up to 1-2% of a toxic element. In theory, such plants could
remove as much as 200-1000 kg of metals per 1 ha. However, as there are
no detailed agronomic recommendations concerning the cultivation of such
plants, these species usually yield too little biomass. Phytoremediation can
also involve typical crops. Although they do not accumulate as much of trace
metals as hyperaccumulators, these plants produce much more biomass and
can therefore improve the effects of soil remediation. The advantages of
phytoremediation techniques are their low cost and easy application. The
disadvantages include low efficacy and the problem of handling the biomass
which contains large amounts of toxic elements (SAS-NOWOSIELSKA et al. 2004,
KARCZEWSKA 2005, MARECIK et al. 2006).

The aim of this study was to evaluate the usefulness of perennial rye-
grass, cv. Nira for phytoremediation of soils contaminated with zinc.

MATERIAL AND METHODS

This study has been performed as a strict pot experiment set up in 2007
in a greenhouse at the University of Warmia and Mazury in Olsztyn. The
experiment consisted of 6 treatments in which increasing quantities of zinc
in the form of ZnSO4⋅7H2O were added to soil prior to sowing ryegrass:
control treatment (no Zn added), 25, 50, 100, 200 and 400 mg Zn kg–1 of air
dry soil.

The experiment was carried out on two soils, sand and sandy loam,
different in the sorption capacity. The content of organic carbon was 5.67 g
kg–1 in sand and 10.05 g kg–1 in  sandy loam. Some of the physicochemical
properties of the soils are presented in Table 1.

The pots were filled with 8.0 kg of air dry soil mass. The tested plant was
perennial ryegrass (Lolium perenne L.) cv. Nira. The grass was cut three times
in the early phase of heading. Each treatment comprised four replications.

The nitrogen, phosphorus, potassium and magnesium fertilization was
identical in all the fertilized treatments. When setting up the experiment,
0.4 g N, 0.2 g P, 0.4 g K and 0.08 g Mg per pot were applied. After the first
cut, additional 0.5 g N, 0.4 g K and 0.1 g Mg were introduced to soil, and
after the second cut the soil was amended with 0.25 g N, 0.2 g K and 0.05 g
Mg per pot. Nitrogen was applied as NH4NO3; phosphorus was used in the
form of KH2PO4; potassium was introduced as KH2PO4 and KCl, whereas
magnesium was taken as MgSO4⋅7H2O.
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Grass seeds were sown after three weeks of the incubation of soil with
the applied salts. After emergence, 20 plants of ryegrass were left in each
pot. The soil moisture was maintained as the level of 70% of the maximum
water capacity.

In order to determine the initial concentration of Zn in soil (extraction
in 1 M HCl) in all the treatments, an additional trial was set up in which
soil was incubated for three weeks with the same quantities of zinc per pot
as used in the plant growing experiment.

Dried and ground plant samples were mineralized (separately for each
pot) in a mixture of concentrated nitric (V), chloric (VII) and sulphuric (VI)
acids, in a volumetric ratio between the acids equal 40:10:1. Zinc was deter-
mined in the mineralized samples with the atomic absorption spectrometric
method.

Prior to the experiment, the soils were analyzed to determine the fol-
lowing parameters: pH in 1 M KCl by potentiometry, content of organic
carbon by Kurmies method (WALINGA et al. 1992), base saturation and hydro-
lytic acidity (Hh) by Kappen method, Zn concentrations by flame AAS after
soil extraction in 1 M HCl and soil particle size distribution using the laser
diffraction method (BUURMAN et al. 1997).

After the third cut, soil samples were taken from each pot. They were
dried and passed through a 1 mm mesh sieve. Afterwards, zinc in soil sam-
ples was determined with the AAS method, following soil extraction in
1 M HCl.

Statistical processing of the data involved analysis of variance for a one-
factor pot experiment in a completely random, orthogonal arrangement. Sig-
nificance of differences between the treatment means was verified using
t-Student test. Correlations between selected traits were determined with
the analysis of correlation and regression.
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RESULTS AND DISCUSSION

In the treatments set up on sand, as the soil contamination with zinc
increased (treatments with 25, 50, 100, 200 and 400 mg Zn kg–1 soil), grass
yields from all harvested cuts tended to decrease (Table 2). Astrong negative
correlation appeared for pots filled with zinc contaminated soil between the
content of zinc in soil and the harvested mass of the three cuts (Figure 1).
In the first cut, a significant decrease in the yield was already noticeable in
response to the lowest zinc rate (25 mg Zn kg–1 of soil); in the second cut,
it was the second smallest rate, i.e. 50 mg Zn kg–1 of soil, that led to
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Fig. 1. Total yield of perennial ryegrass as affected by zinc content in sand
(extracted in 1 M HCl)
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a significantly lower grass yield; with respect to the third cut, it was not
until the rate of 100 mg Zn kg–1 had been introduced to soil that the grass
yield declined significantly. The largest and significantly high decrease in
the grass biomass occurred on the soil with the highest rate of the contami-
nant, i.e. 400 mg Zn kg–1 of soil. In that treatment, the biomass of rye-
grass was lower by 52% in the first, 25% in the second and 16% in the third
cut than in the control treatment. In a study conducted by BARAN (2011) on
sand, the rates of 250 and 750 mg Zn kg–1 of soil depressed the mass
of aerial parts of maize by 10% and 25%, respectively.

Excess zinc is accumulated mainly in the below-ground parts of plants,
impairing their function. WERYSZKO-CHEMLEWSKA et al. (2000) demonstrated that
a high content of zinc in the substrate caused damage to root cells of horse
bean and led to a decreased leaf area and mass. SAGARODY et al. (2009) re-
port that toxic quantities of zinc reduce the uptake of such essential nutri-
ents as nitrogen, magnesium, potassium and iron by plants. They also cause
depressed concentrations of chlorophyll in leaves, with an adverse effect on
the process of photosynthesis, leading to a retarded growth of plants.

In the present experiment, the emergence of plants growing on sand con-
taminated with 200 mg or 400 mg Zn kg–1 of soil was evidently worse and
the plants developed more slowly. As the supply of mobile forms of Zn in the
substrate was being depleted, the toxic effect produced by the metal was con-
siderably weakened. Thus, the negative effect of this element was the strong-
est in the first cut of ryegrass, but proved much weaker in the last cut.

Contrary results were obtained in the other experiment, set up on sandy
loam (Table 2). Statistically verified, the toxic effect of zinc in the soil with
a larger CEC was not observable until the highest degree of soil contamina-
tion with zinc was tested (400 mg Zn kg–1), but even then it appeared only
in the first ryegrass cut. No significant differences were detected between
the mass of plants harvested from the treatments which had received zinc
in rates less than 400 mg kg–1 (25, 50, 100 and 200 mg Zn kg–1). The
results suggest that the adverse effect of zinc is dependent to a great de-
gree on the type of soil, and mainly its CEC. On very light soil, even a small
rate of added zinc (25 mg Zn kg–1 of soil) significantly depressed the bio-
mass of ryegrass, whereas on sandy loam a significant decline in the grass
yield was observed only under the influence of 400 mg Zn kg–1 of soil. It is
obvious that a higher percentage of organic and mineral colloids in the soil
with the texture of sandy loam had a protective action and reduced the
concentration of active zinc forms in soil. This assumption is supported by
the research carried out by SPIAK (1996), in which the value of the zinc
migration coefficient, which reflects the ratio of the concentration of this
metal in plants to its content in soil, largely depended on the quantity of
the soil fraction less than 0.02 mm in diameter. On light soil, following the
application of 500 mg Zn kg–1, the value of this index was 36.1, whereas on
medium and heavy soil, it fell to 12.3 and 5.9, respectively. GAMBUŒ et al.
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(2004), KABATA-PENDIAS (2002) and MERCIK et al. (2004) also report that solubility
and mobility of zinc in soil are depressed when the content of clay fractions,
humus and aluminium, iron and manganese oxides increases. This finding
explains a much weaker toxic effect of zinc in sandy loam than in sand.

Perennial ryegrass can be regarded as a species well tolerant to high
content of zinc in soil. The decrease in the mass of cut grass caused by the
highest rate of zinc contamination was relatively small, especially on sandy
loam. Relatively good tolerance of grasses to high zinc concentrations in the
substrate has also been reported by PASCHKE et al. (2000).

The gradually increasing levels of zinc contamination of soil caused a very
high rise in the concentration of this metal in ryegrass (Figures 2-7). Zinc
permeated into plant cells very readily. In the experiment run on sand,
following the application of 400 mg Zn kg–1 of soil, the concentration of
this metal rose to 1629 mg Zn kg–1d.m. in the first grass cut (43-fold more
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Fig. 2. Zinc concentration in the first cut of perennial ryegrass
as affected by zinc content in sand (extracted in 1 M HCl)

than in the treatment with the natural soil content of zinc, Table 3). This
element was luxuriously taken up by plants, which confirms very high mo-
bility of zinc in soil. In the trials conducted on sand, a radical increase in
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with a very small amount of this metal introduced to soil (25 and
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KUCHARCZYK and MORYL (2010). In plants grown for fodder, the threshold level
of this microelement is 100 mg Zn kg–1 d.m. The fact that zinc can per-
meate so easily into plant cells may pose a high risk on farmlands used for
growing crops and just very slightly polluted with this metal.

The concentration of zinc in the second and third cut of ryegrass grown
on sand also increased significantly following the application of increasing
rates of zinc (Figures 3 and 4). When 400 mg Zn kg–1 had been added to
soil, the concentration of zinc in the second and third cuts rose 33- and
15-fold, respectively, compared to the control. It should be noticed, however,
that the concentrations of zinc in grasses from the second and third cuts
were around 2.5-fold smaller than in the ryegrass from the first cut on
corresponding treatments. The determination coefficients, which indicate the
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Fig. 3. Zinc concentration in the second cutting of perennial ryegrass
as affected by zinc content in sand (extracted in 1 M HCl)
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Fig. 4. Zinc concentration in the third cut of perennial ryegrass
as affected by zinc content in sand (extracted in  1 M HCl)
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Fig. 5. Zinc concentration in the first cut of perennial ryegrass
as affected by zinc content in sandy loam (extracted in  1 M HCl)

relationship between the concentration of Zn in plants and its content in
soil (extracted in 1 M HCl) were very high and reached 0.998, 0.999 and
0.999 respectively for the first, second and third cut.

The concentrations of zinc in grasses growing on sand were higher than
in plants harvested from the trials on sandy loam (at the corresponding
levels of zinc contamination). Particularly big differences in Zn concentra-
tion in plants grown on the two different types of soil appeared in the third
cut after the application of the two highest rates of zinc, i.e. 200 and
400 mg Zn kg–1 (Table 3).
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Ryegrass does not require large amounts of zinc to satisfy its nutrition-
al demand. Nonetheless, it absorbed the metal in the amounts proportional
to its content in soil. According to MISZTAL and LIGÊZA (1996), zinc is one of
the most mobile elements and it is its mobility that ensures such an easy
uptake of this heavy metal by plants. KICIÑSKA and HELIOS-RYBICKA (1995)
reported that the concentration of zinc in plants was largely dependent on the
content of this element in soil.

The concentration of zinc ranging between 15 and 50 mg Zn kg–1

of plant dry matter is sufficient to cover the plant’s demand for this
element. CHANEY and MARSCHNER (after BROADLEY et al. 2007) report that symp-
toms of a toxic response to zinc appear on leaves most often when the con-
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Fig. 6. Zinc concentration in the second cutting of perennial ryegrass
as affected by zinc content in sandy loam (extracted in 1 M HCl)

0

40

80

120

160

200

0 100 200 300 400 500

mg Zn kg of soil
-1

�

m
g
 Z

n
k
g

o
f 

d
.m

.
-1

�

y x= 0.3687 + 36.463

R = 0.973***
2

Fig. 7. Zinc concentration in the third cut of perennial ryegrass
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centration of the metal exceeds 300 mg Zn kg–1 d.m., although more sensi-
tive plants can reveal such symptoms at a content of zinc as low as
100 mg Zn kg–1 d.m. of leaves. Other studies also suggest that the re-
sponse of plants to soil contamination with zinc depends strongly on a plant
species (BARAN et al. 2008, BARAN, JASIEWICZ 2009, SPIAK et al. 2000,
STANIS£AWSKA-GLUBIAK, KORZENIOWSKA 2005). In the experiment set up on sandy
loam, even when the concentration of zinc reached 639 mg Zn kg–1 of dry
matter of plants, the yield of ryegrass was high and showed no signs of the
toxic influence of zinc. In contrast, when ryegrass grew on sand, the mass
of grass decreased significantly at the content of zinc equal 140 mg Zn kg–1

d.m. These results demonstrate expressly that the content of organic and
mineral colloids in soil is a factor that conditions the toxic influence of zinc
on plants, and its seems to be a more important factor than the species of
plants or the concentration of zinc in soil.

In the subsequent cuts of ryegrass, the concentration of zinc tended to
decline in the treatments established on either of the two types of soil: sand
or loam. However, a decrease in the concentration of zinc in the following
grass cuts was much bigger in the treatments set up on loam than on sand.
In the treatment with the highest zinc contamination dose (400 mg Zn kg–1

of soil), the third cut of ryegrass grown on loam contained about 6.5-fold
less zinc than the first one (1233 mg Zn kg–1 d.m. in the first cut and
187 mg Zn kg–1 d.m. in the third one); in ryegrass grown on sand, the
analogous difference was about 2.3-fold (1629 mg Zn kg–1 d.m. in the first
cut and 696 mg Zn kg–1 d.m. in the third one). The results suggest that
the solubility, and consequently the bioavailability of zinc and its diffusion to
plant roots were diminishing considerably as the plants continued to grow.
This process was much more intensive in the soil with a larger sorption
complex. The activity of zinc in the experiment carried out on sandwas on
a constant, high level until the vegetative season terminated. Therefore,
perennial ryegrass growing on soil with a low content of soil colloids accumu-
lated high amounts of this heavy metals, regardless of the cut. In turn, zinc
in the soil of the texture of sandy loam most probably quickly transformed
into a hardly mobile form, which contributed to a big decrease in the concen-
tration of Zn in the tissues of plants harvested in the second and third cut.

The uptake of zinc by ryegrass growing on sand and on sandy loam
increased proportionally to the degree of soil contamination with this metal
(Table 4). Despite a very high concentration of zinc in grasses growing on
heavily polluted soil, the total Zn uptake in the yield from the three cuts
was very small compared to the amount of this metal introduced to soil.
Consequently, growing ryegrass for one season did not have any considera-
ble effect on the content of zinc in soil after harvest (Table 5). The total
uptake of Zn by ryegrass growing on sand was just 1.1-2.2% of the zinc
introduced to soil. When ryegrass was grown on loam, the percentage of
removed zinc was similar, i.e. 1.3-2.5%. In a study by GAWOREK et al. (2003)
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on the efficacy of phytoremediation of soils contaminated with heavy met-
als, the amount of Zn removed with plant yields did not exceed 2.5% of the
content of this metal in the mobile form. A similar level of the uptake of
zinc was determined by ANTONKIEWICZ and JASIEWICZ (2003), who investigated
maize. Another reason why phytoremediation techniques do not prove to be
very effective is the fact that soil samples analyzed after plant harvest con-
tain some quantities of small roots, in which the concentration of heavy
metals is much higher than in the aerial parts (BARAN, JASIEWICZ 2009,
ZALEWSKA 2010). This is certainly reflected in the results of post-harvest soil
chemical analyses.
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The uptake of zinc by the yield of the second and third cut of ryegrass,
having applied from 200 mg to 1600 mg Zn per pot, as well as the total Zn
uptake by the yield of all the three cuts were similar in the trials established
on sand and loam in the corresponding treatments. In contrast, a two-fold
smaller uptake of Zn in the yield from the first cut of ryegrass growing on
the sand most heavily polluted with zinc, compared to the uptake of this
metal by plants growing on loam, was due to a strongly depressed mass
of plants growing on very light soil with the highest dose of the contaminant.

The determination coefficients for the relationship between the Zn up-
take and the content of this metal in soil were very high, for both sand and
for sandy loam (Figures 8 and 9).

Fig. 8. Zinc uptake by total yield of perennial ryegrass
as affected by zinc dose per pot on sand

Fig. 9. Zinc uptake by total yield of perennial ryegrass
as affected by zinc dose per pot on sandy loam
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CONCLUSIONS

1. The toxic effect of zinc on the growth of ryegrass was much more
pronounced on sandthan on sandy loam. In the trial carried out on sand,
even the smallest dose of zinc (25 mg Zn kg–1 of soil) significantly de-
pressed the yield of the first grass cut, whereas on sandy loam, the toxic
effect of zinc did not occur until the highest rate of this metal had been
introduced to soil (400 Zn kg–1 of soil).

2. As the soil contamination with zinc increased, the concentration and
uptake of this metal by ryegrass increased significantly. A very high concen-
tration of Zn in ryegrass growing on soil contaminated with this metal sug-
gests that zinc can easily permeate into plant roots and is very mobile in
soil.

3. A one-year cultivation of perennial ryegrass did not have any larger
effect on decreasing the content of zinc in soil. Although zinc appeared in
very high concentrations in the cut grasses, its total uptake from a pot
equalled just 1.1 to 1.5% of the amount of this metal introduced to soil.

4. Perennial ryegrass cv. Nira is characterized by good capability of ac-
cumulating very high amounts of zinc and is tolerant to a high content
of Zn in soil, which is why it can be grown on areas contaminated with this
heavy metal.

5. There is a strong, statistically verified correlation between the con-
tent of zinc in soil, extracted in 1 M HCl, and the Zn concentration and
uptake by plants. Zinc extraction in 1 M HCl can be used for evaluation
of the degree of soil contamination with this metal.
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Abstract

One of the major functions of magnesium is the maintenance of proper electric po-
tential of neurons. Pathological conditions associated with systemic magnesium deficiencies
may be associated with disturbance of numerous neurophysiological processes. These may
include neuron function, transmission of nerve impulses, neuromuscular transmission, mu-
scle contraction and vasomotor reflex. Therefore, magnesium deficiencies, particularly tho-
se associated with hypomagnesemia, are a source of problems for neurologists.

Migraine is one of the most common neurological disorders. Despite many years of
research, pathophysiology of migraine has not been elucidated. The predominant opinion
is that the onset of migraine headaches is associated with cerebral vascular spasms. Based
on the available knowledge of biological functions of magnesium, at least several feasible
mechanisms for prevention or reduction of the intensity of migraine attacks by magne-
sium ions have been proposed. The goal of this review is to summarize the literature re-
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ports on magnesium in the pathogenesis of migraine and to identify the potential uses for
magnesium compounds in prevention and treatment of migraine headaches.

Key words: magnesium, migraine, migraine headache prevention, treatment of migraine
attacks.

ROLA MAGNEZU W PATOGENEZIE MIGRENY.
MO¯LIWOŒCI ZASTOSOWANIA ZWI¥ZKÓW MAGNEZU W PROFILAKTYCE

I LECZENIU MIGRENOWYCH BÓLÓW G£OWY

Abstrakt

Jedn¹ z najwa¿niejszych funkcji magnezu jest utrzymywanie odpowiedniego potencja-
³u elektrycznego komórek nerwowych. W stanach patologii zwi¹zanych z ogólnoustrojowy-
mi niedoborami magnezu mo¿e dochodziæ do zak³ócenia rozmaitych procesów neurofizjolo-
gicznych. Nale¿¹ do nich m.in.: funkcjonowanie neuronów, przewodzenie impulsu
nerwowego, przekaŸnictwo nerwowo-miêœniowe i skurcz miêœni oraz odruch wazomotorycz-
ny. Z powy¿szych wzglêdów stany niedoborów magnezu, zw³aszcza te przebiegaj¹ce z hipo-
magnezemi¹, sta³y siê problemem w praktyce klinicznej lekarza neurologa.

Migrena jest jednym z najczêœciej wystêpuj¹cych schorzeñ neurologicznych. Pomimo
wielu lat badañ, jej patofizjologia nie zosta³a jednoznacznie wyjaœniona. Aktualnie dominuje
pogl¹d, i¿ pojawianie siê migrenowych bólów g³owy ma zwi¹zek ze skurczem naczyñ mó-
zgowych. Na podstawie dostêpnej wiedzy dotycz¹cej biologicznych funkcji magnezu zasuge-
rowano istnienie przynajmniej kilku mo¿liwych mechanizmów, za których poœrednictwem
jony magnezu mog³yby zapobiegaæ pojawianiu siê ataków migreny lub ograniczaæ ich nasi-
lenie. Celem pracy by³o podsumowanie dostêpnych w piœmiennictwie doniesieñ dotycz¹cych
roli magnezu w patogenezie migreny, a tak¿e wskazanie mo¿liwoœci wykorzystania prepa-
ratów magnezu w profilaktyce i leczeniu migrenowych bólów g³owy.

S³owa kluczowe: magnez, migrena, profilaktyka migrenowych bólów g³owy, leczenie na-
padów migreny.

INTRODUCTION

Magnesium is present in all tissues, being the second most common
intracellular cation (after potassium). Magnesium plays many roles in the
human system: it contributes to intracellular energy storage and expendi-
ture, acts as a cofactor for more than 300 enzymes, is required for the
proper course of nucleic acid synthesis, and is involved in cell division and
growth, as well as in operation of ion channels, receptors and transport
systems.

One of the major functions of magnesium is the maintenance of proper
electric potential of neurons (HU et al. 2006). In order for this function to be
carried out properly, the system must be armed with structures protecting
the central nervous system from sudden drops of magnesium levels. These
include the blood-brain barrier and choroid plexus, which effectively prevent
fluctuations in cerebrospinal fluid magnesium levels in physiological condi-
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tions (MCKEE et al. 2005). Pathological conditions associated with systemic
magnesium deficiencies may be associated with disturbance of numerous
neurophysiological processes. These may include neuron function, transmis-
sion of nerve impulses, neuromuscular transmission, muscle contraction and
vasomotor reflex (SONTIA, TOUYZ 2007, DRIBBEN et al. 2010). Therefore, mag-
nesium deficiencies, particularly those associated with hypomagnesemia, are
a source of problems for neurologists. These problems are very serious since,
as demonstrated in studies conducted by independent teams of researchers,
the number of patients with hypomagnesemia is usually underestimated (DE

FEO 2009). In addition, low plasma magnesium levels are more common in
patients presenting at hospital admission rooms or emergency units and
may affect as much as 65% of population with proper creatinine levels, con-
tributing to increased mortality among these patients (WHANG, RYDER 1990,
SAFAVI , HONARMAND 2007).

MIGRAINE
Migraine is one of the most common neurological disorders. According

to different sources, migraine affects 4 to 20% of population and is a com-
mon cause of patients’ referral to the neurologist’s office. The disorder is
more common in females than in males, albeit the age of onset is younger
in males (KURTH et al. 2009). Although most reports mention the disorder as
affecting adults, it has been recently pointed out that children might also be
affected, with the incidence in this age group being underestimated
(ABU-AREFEH et al. 2010). Migraine headaches come 19th in the WHO rank of
disorders excluding patients from normal functioning in their environment.
It was estimated that employees in the US miss a total of 110 million work-
days per year, which significantly reduces the productivity index (HU et al.
1999, STANG et al. 2001, BUSE et al. 2009).

Although migraine headaches have been the subject of research for
many decades, and the term “migraine” dates back to the ancient times,
migraine classification criteria were developed by the International Head-
ache Society relatively recently, i.e. in 1988 (DIB 2008). According to these
criteria, migraine is classified as one of the primary (spontaneous) head-
aches, which include also cluster headaches, tension headaches and other
spontaneous headaches (OLESEN, STEINER 2004).

Migraine is characterized by recurrent paroxysmal headaches lasting
4 to 72 hours, usually pulsating, unilateral and most commonly involving
the parietal, temporal and periorbital regions. The pain may be provoked by
multiple factors. The disorder is exacerbated by emotional stress and physi-
cal activity (GOADSBY et al. 2005). The classification proposed by the Interna-
tional Headache Society identifies two types of migraine: migraine without
aura and less common migraine with aura, which usually lasts 5 to 60 min-
utes (GOADSBY et al. 2005). In the case of the latter type, the onset of head-
ache is preceded by focal neurological cerebral or brain stem symptoms.
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Despite many years of research, pathophysiology of migraine has not been
elucidated. The predominant opinion is that the onset of migraine head-
aches is associated with cerebral vascular spasms (KURTH 2007, TIETJEN 2007).

THE ROLE OF MAGNESIUM IN MIGRAINE PATHOGENESIS
DEMIRKAYA et al. (2000) demonstrated a relationship between migraine

headaches and magnesium levels within human body, pointing out several
possible mechanisms for the anti-migraine activity of magnesium. Mainte-
nance of normal plasma levels of magnesium ions is required for proper
function of vascular endothelium and proper vascular contractility. Thus,
hypomagnesemia is a factor predisposing patients to vascular spasm (GRUBB

2005, SCHRUCKS et al. 2010). The likelihood of cerebral vascular spasm under-
lying the migraine headache was shown to be proportional to the ratio of
calcium and magnesium ion levels in plasma. Magnesium ions are known to
modulate the tone of the smooth muscles of cerebral and peripheral vessels.
Magnesium acts as a calcium antagonist on vascular smooth muscle tone.
(WEINBERGER 2006, BO, PISU 2008).

By acting as NMDA receptor antagonists, magnesium ions prevent prop-
agation of glutamatergic transmission-dependent of cortical depression, which
is associated, among others, with the onset of migraine aura. In vitro stud-
ies showed that low concentration of magnesium within the cerebral tissue
leads to earlier onset and easier propagation of cortical depression (LAU-
RITZEN 2001, SUN-EDELSTEIN, MAUSKOP 2009). In addition, hypomagnesemia is
associated with induction of platelet aggregation or vascular endothelial func-
tion damage (ROMANI 2008, WOLF et al. 2008). Hypomagnesemia is also a factor
predisposing patients to increased serotonin secretion, thus potentiating the
vasoconstricive action of this biogenic amine. Earlier exposure to magnesi-
um ions was shown to inhibit serotonin-dependent vascular spasm (GRUBB,
CARMO JORGE 2000).

Other suggested mechanisms responsible for migraine headaches include
the reduction of vasodilatory effect of prostacyclin (KOSEOGLU et al. 2008).
Possibility of migraine attacks was pointed out for conditions usually associ-
ated with lowered plasma magnesium levels, e.g. during pregnancy, men-
struation, stress, abuse of alcohol or as a consequence of chronic intake
of certain drugs, such as diuretics (ALTURA 1985).

Although there are papers that question the relationship between hy-
pomagnesemia and migraine, most authors have no doubt that such a rela-
tionship exists (SMEETS et al. 1994, MISHIMA et al. 1997). GALLAI et al. (1992)
showed that individuals suffering from migraine headaches were character-
ized by lower plasma and saliva magnesium levels between the attacks com-
pared to the control group. According to RAMADAN et al. (1989), lowered intra-
cellular magnesium levels are also observed in brain structures in this period
in migraine patients. Moreover, additional decrease in magnesium levels is
observed during the migraine attack in plasma, erythrocytes and mononu-
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clear blood cells, as well as in the cerebrospinal fluid (GALLAI et al. 1992,
SUN-EDELSTEIN, MAUSKOP 2009). All these observations seem to support the
hypothesis proposed in the 1970s by Durlach stating that the increased uri-
nary excretion of magnesium ions during migraine attacks was associated
with the loss of magnesium from plasma, thus leading to hypomagnesemia
(DURLACH 1976).

Today, hypomagnesemia is also mentioned as a cause of menstrual mi-
graine headaches. The onset of these headaches was previously associated
with the estrogen secretion profile which undergoes changes during the men-
strual cycle. (SILBERSTEIN, GOLDBERG 2007). It should be noted that IHS classi-
fication of 1988 does not include menstrual migraine. However, a relation-
ship between changes in plasma magnesium levels during the menstrual
cycle and the attacks is currently proposed. Headaches associated with the
menstrual cycle occur in stages in which the lowest magnesium levels, and
thus the highest calcium-to-magnesium ratios are recorded (SILBERSTEIN,
GOLDBERG 2007, DULLO, VEDI 2008).

Demonstration of the relationship between hypomagnesemia and mi-
graine headaches contributed to the advances in studies aimed at identifica-
tion of potential uses of magnesium compounds in prevention and treat-
ment of migraine attacks.

THE ROLE OF MAGNESIUM IN PREVENTION OF MIGRAINE
ATTACKS

Initiation of prophylactic treatment should be considered in patients with
migraine attacks occurring at least twice a week or lasting above 48 hours,
or in cases in which earlier treatment had failed (SILBERSTEIN 2000, DIAMOND

et al. 2007, DEMAAGD 2008). Prophylactic migraine treatment should last three
to twelve months and involve daily administration of selected compounds
(SILBERSTEIN 2000, DIAMOND et al. 2007, DEMAAGD 2008).

Magnesium has been classified by the United States Headache Consorti-
um (USHC) as a macroelement recommended in prevention of migraine
headaches. It is listed as one of the so-called second line compounds. At the
same time, magnesium compounds were pointed out to be relatively safe.
Side effects of treatment with magnesium compounds are relatively rare
and mild, which is particularly important in prophylactic treatment lasting
at least 3 months (D’AMICO, TEPPER 2008). Moreover, magnesium compounds
are the only compounds used for migraine prevention falling into the high-
est FDA pregnancy category, allowing their use by pregnant women (PRING-
SHEIM et al. 2010).

Oral magnesium compounds are used for migraine prevention. Accord-
ing to the recommendations of the Canadian Ministry of Health, the maxi-
mum dose of magnesium should not exceed 350 mg day–1 (PRINGSHEIM et al.
2010). To date, prophylactic administration of magnesium compounds has
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been considered in the cases of migraine both associated and not associated
with aura (FACCHINETTI et al. 1991, PEIKERT et al. 1996, PFAFFENRATH et al.
1996, WANG et al. 2003). One of the first randomized studies of prophylactic
administration of magnesium was carried out by Facchinetti and included
a group of 20 women suffering from menstrual migraine. Patients received
magnesium pyrrolidinecarboxylate at the dose of 360 mg day–1. The com-
pound was initiated on Day 15 of the menstrual cycle and continued until
the first day of bleeding. The regimen was repeated for two subsequent
cycles (FACCHINETTI et al. 1991). The method of treatment initiation was strict-
ly correlated with changes in plasma magnesium levels occurring during
the menstrual cycle (ALLAIS et al. 2005). The study confirmed a beneficial
effect of magnesium compounds in the prevention of menstrual migraine. In
addition, magnesium salts were shown to be efficient in reducing the symp-
toms of the premenstrual syndrome (FACCHINETTI et al. 1991).

Studies conducted by Peikert et al (1996) showed that administration of
magnesium citrate for 3 months reduced the incidence of migraine attacks
by 41.6%, as compared to a reduction of less than 16% in patients receiving
placebo. Pain intensity and duration of an attack were also reduced as com-
pared to the control group, although the differences were not statistically
significant (PEIKERT et al. 1996).

However, not all studies support the efficacy of magnesium compounds
in migraine prophylaxis. Such efficacy was not demonstrated in studies by
PFAFFENRATH et al. (1996), who administered 480 mg of magnesium to a group
of 68 patients. Due to these discrepant reports regarding the efficacy
of magnesium in migraine prevention, magnesium compounds are classified
as category B. (EVANS, TAYLOR 2006, MOODI, LOWDER 2006).

THE ROLE OF MAGNESIUM IN THE TREATMENT OF MIGRAINE
ATTACKS

Oral administration of magnesium compounds is rather unhelpful in
treating migraine attacks. As evidenced by the available literature, oral ap-
plication of magnesium has limited efficacy in the treatment of migraine
after as long as several months of supplementation (MAUSKOP et al. 1996,
DEMIRKAYA et al. 2001). Results of studies of the headache relief efficacy of
intravenous administration of magnesium compounds are ambiguous. The
efficacy could not be demonstrated in some of the studies, while results of
other studies supported the analgesic activity of magnesium compounds.

Studies conducted by MAUSKOP et al. (1998) showed that intravenous ad-
ministration of magnesium sulfate reduces the severity of migraine, cluster
and tension headaches in 80% of patients. As mentioned before, this effect
was most probably caused by the interaction between magnesium and serot-
onin receptors. Besides, potential mechanisms of action of magnesium ions
that would determine its analgesic efficacy include the impact on the syn-
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thesis and secretion of nitric oxide (which has a vasodilatory effect) and
interaction with NMDA receptors, as well as the influence on many other
receptors and neurotransmitters important for headache pathogenesis
(MAUSKOP, ALTURA 1998).

Studies conducted by BIGAL et al. (2002) showed that intravenous admin-
istration of 1 g of magnesium sulfate had no effect on the course of head-
ache attacks in patients suffering from migraine without aura. However,
reduction of pain discomfort, photophobia and hypersensitivity to sounds
were observed in patients suffering from migraine with aura compared to
the placebo group. No reduction in the incidence of nausea accompanying
migraine attacks was observed.

The efficacy of magnesium sulfate was reported also by ZIDVERC et al.
(2001). A thirty-minute infusion of magnesium sulfate during an acute mi-
graine attack had similar pain relieving efficacy as sumatriptane, a selective
5-HT1D serotonin receptor agonist. Unfortunately, earlier recurrence of head-
aches was observed in some of the patients receiving magnesium, compared
to sumatriptane group.

As mentioned before, some reports do not support sufficient efficacy of
magnesium compounds in interrupting migraine attacks. These include, for
example, observations by CORBO et al. (2000), who found that intravenous
addition of 2 g magnesium sulfate to methoclopramide administered during
the attack had no pain relief efficacy, and even reduced the efficacy of the
antiemetic drug. Similar results were published by CETE et al. (2005).

Diverse responses of patients to magnesium sulfate are attributed to
numerous factors, including low baseline levels of magnesium ions in plas-
ma (MAUSKOP et al. 1995). However, this opinion is not shared by GINDER et
al. (2000), who found no relationship between the plasma magnesium levels
and the responses to MgSO4 treatment. It cannot be excluded that different
responses of patients to intravenous magnesium treatment may be due to
individual-specific factors. However, such factors could not be identified to
date.

SUMMARY

Magnesium is a cation required for proper course of many important
physiological processes, disturbances of which are associated with migraine
pathogenesis (SUN-EDELSTEIN, MAUSKOP 2011). Hypomagnesemia is a factor pre-
disposing patients to the onset and propagation of cortical depression and
changes in neurotransmitter secretion, intensifying the synthesis and secre-
tion of P substance, increasing platelet aggregation and, most of all, causing
vascular spasms (SUN-EDELSTEIN, MAUSKOP 2011). Based on the available know-
ledge of biological functions of magnesium, at least several feasible mecha-
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nisms for prevention or reduction of the intensity of migraine attacks by
magnesium ions have been proposed (TAYLOR 2011). Although hypomagnesem-
ia has been associated with migraine pathogenesis for many years, the break-
through in the research in this field was possible only after ion-selective
electrodes were invented. In contrast to earlier methods, the use of ion-
selective electrodes allows the measurement of ionized magnesium, i.e. the
magnesium pool directly associated with physiological effects of this element
(SUN-EDELSTEIN, MAUSKOP 2011).

Migraine is a chronic disorder that occurs with periodical exacerbations
or attacks that significantly reduce the quality of life of the patients (LIPTON

et al. 2003, PRINGSHEIM 2010). Despite different classifications as well as pre-
vention and treatment standards being introduced and modified, the inci-
dence of migraine is still considered to be underestimated (Antonaci 2010).
There are two aspects to the migraine treatment strategy, namely preven-
tion and interruption of migraine attacks (ANTONACI 2010). In this study, at-
tention was drawn to potential use of magnesium compounds in both pre-
vention and interruption of migraine attacks. This approach proved efficient
in many cases, for instance in prevention of menstrual migraine (MAUSKOP

et al. 2002). With regard to intravenous administration of magnesium com-
pounds in order to interrupt acute pain, results of available studies remain
ambiguous (CORBO et al. 2000, BIGAL et al. 2002). However, analysis of availa-
ble reports may lead to conclusion that reports that confirm at least partial-
ly beneficial effect of magnesium are predominant (MAUSKOP et al. 1995,
MAUSKOP 2001). Doubtless, the results of these studies justify further efforts
to obtain more unambiguous answers to questions regarding the role of
individual sensitivity in responses to magnesium compounds, which might
allow a more efficient prophylactic and therapeutic treatment. Currently, it
is also pointed out that extracellular levels of magnesium ions may be largely
genetically determined. This was confirmed by the study of SHUEN et al.
(2009), who demonstrated a significant correlation between estrogen recep-
tor gene-1 (ESR1) polymorphism and total magnesium levels in plasma (SHUEN

et al. 2009). Perhaps examination of this issue would open a path to under-
standing the correlation between the use of magnesium compounds and the
patient’s response to the treatment.
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nazwa jednostki, z której pochodzi praca, streszczenie w jêzyku angielskim i pol-
skim – minimum 250 s³ów. Streszczenie powinno zawieraæ: wstêp (krótko), cel badañ,
metody badañ, omówienie wyników, wnioski. Przed streszczeniem w jêzyku angielskim
i polskim: Abstrakt (tekst streszczenia), S³owa kluczowe (maks. 10 s³ów), WSTÊP,
MATERIA£ I METODY, WYNIKI I ICH OMÓWIENIE, WNIOSKI, PIŒMIENNIC-
TWO. U do³u pierwszej strony nale¿y podaæ tytu³ naukowy lub zawodowy, imiê i nazwisko
autora oraz dok³adny adres przeznaczony do korespondencji w jêzyku angielskim.

6. Jednostki miar nale¿y podawaæ wg uk³adu SI, np.: mmol(+) kg–1; kg ha–1; mol dm–3;
g kg–1; mg kg–1 (obowi¹zuj¹ formy pierwiastkowe).

7. W przypadku stosowania skrótu po raz pierwszy, nale¿y podaæ go w nawiasie po pe³nej
nazwie.

8. Tabele i rysunki nale¿y za³¹czyæ w oddzielnych plikach. U góry, po prawej stronie tabe-
li, nale¿y napisaæ Tabela i numer cyfr¹ arabsk¹, równie¿ w jêzyku angielskim, nastêp-
nie tytu³ tabeli w jêzyku polskim i angielskim wyrównany do œrodka akapitu. Ewentu-
alne objaœnienia pod tabel¹ oraz opisy tabel winny byæ podane w jêzyku polskim
i angielskim. Wartoœci liczbowe powinny byæ podane jako zapis z³o¿ony z 5 znaków
pisarskich (np. 346,5; 46,53; 6,534; 0,653).

9. U do³u rysunku, po lewej stronie, nale¿y napisaæ Rys. i numer cyfr¹ arabsk¹ oraz
umieœciæ podpisy i ewentualne objaœnienia w jêzyku polskim i angielskim.

10. Piœmiennictwo nale¿y uszeregowaæ alfabetycznie bez numerowania w uk³adzie: NAZWISKO

INICJA£ IMIENIA (KAPITALIKI), rok wydania. Tytu³ pracy (kursywa). Obowi¹zuj¹cy skrót cza-
sopisma, tom (zeszyt): strony od-do, np. KOWALSKA A., KOWALSKI J. 2002. Zwartoœæ magne-
zu w ziemniakach. Przem. Spo¿., 7(3): 23-27. Tytu³y publikacji wy³¹cznie w jêzyku an-
gielskim z podaniem oryginalnego jêzyka publikacji np. (in Polish). Jeœli publikacja ma
nr DOI, to koniecznie podajemy go na koñcu pozycji literaturowej, np. BRUCKA-
-JASTRZÊBSKA E., KAWCZUGA D. – Level of magnesium in tissues and organs of freshwater
fish. 16(1): 7-19.  DOI: 10.5601/jelem.2011.16.1.01

11. W J. Elem. mo¿na tak¿e cytowaæ prace zamieszczone w czasopismach elektronicznych
wg schematu: NAZWISKO INICJA£ IMIENIA (KAPITALIKI), rok wydania. Tytu³ pracy (kursywa).
Obowi¹zuj¹cy skrót czasopisma internetowego oraz pe³ny adres strony internetowej.
np. ANTONKIEWICZ J., JASIEWICZ C. 2002. The use of plants accumulating heavy metals for
detoxication of chemically polluted soils. Electr. J. Pol. Agric. Univ., 5(1): 1-13. hyper-
link “http:/www”http://www.ejpau.media.pl/series/volume5/issue1/environment/
art-01.html

12. W bibliografii nale¿y stosowaæ skróty nazw czasopism, które umieszczone s¹ na stronie
internetowej: ISI Web Science Journal Title Abbreviations, http://images.isiknowledge.com/
WOK46/help/WOS/0-9_abrvjt.html

13. Cytuj¹c piœmiennictwo w tekœcie, podajemy w nawiasie nazwisko autora i rok wydania
pracy (KOWALSKI 1992). W przypadku cytowania dwóch autorów, piszemy ich nazwiska
rozdzielone przecinkiem i rok (KOWALSKI, KOWALSKA 1993). Je¿eli wystêpuje wiêksza liczba
nazwisk, podajemy pierwszego autora z dodatkiem i in., np.: (KOWALSKI i in. 1994). Cytuj¹c
jednoczeœnie kilka pozycji, nale¿y je uszeregowaæ od najstarszej do najnowszej, np.:
(NOWAK 1978, NOWAK i in. 1990, NOWAK, KOWALSKA 2001).
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14. Do artyku³u nale¿y do³¹czyæ pismo przewodnie kierownika Zak³adu z jego zgod¹ na
druk oraz oœwiadczenie Autora (-ów), ¿e praca nie zosta³a i nie zostanie opublikowana
w innym czasopiœmie bez zgody Redakcji J. Elem.

15. Dwie kopie wydruku komputerowego pracy (Times New Roman 12 pkt przy odstêpie
akapitu 1,5 – bez dyskietki) nale¿y przes³aæ na adres Sekretarzy Redakcji:

Jadwiga Wierzbowska
Uniwersytet Warmiñsko-Mazurski w Olsztynie
Katedra Chemii Rolnej i Ochrony Œrodowiska
ul. Oczapowskiego 8, 10-719 Olsztyn, Polska

jadwiga.wierzbowska@uwm.edu.pl 

15. Redakcja zastrzega sobie prawo dokonania poprawek i skrótów. Wszelkie zasadnicze
zmiany tekstu bêd¹ uzgadniane z Autorami.

16. Po recenzji Autor zobowi¹zany jest przes³aæ w 2 egzemplarzach poprawiony artyku³
wraz z noœnikiem elektronicznym (dyskietka, CD lub e-mailem), przygotowany w dowol-
nym edytorze tekstu, pracuj¹cym w œrodowisku Windows.

Redakcja Journal of Elementology uprzejmie informuje.
Koszt wydrukowania manuskryptu (wraz z rysunkami, fotografiami i tabelami) o objêtoœci
nieprzekraczaj¹cej 6 stron formatu A4, sporz¹dzonego wg nastêpuj¹cych zasad:

– czcionka: Times New Roman, 12 pkt, odstêp 1,5;
– 34 wiersze na 1 stronie;
– ok. 2400 znaków (bez spacji) na 1 stronie;
– rysunki i fotografie czarno-bia³e; wynosi 250 PLN + VAT.

Koszt druku ka¿dej dodatkowej strony (wraz z rysunkami, fotografiami i tabelami) wynosi
35 PLN + VAT.
Koszt druku 1 rysunku lub fotografii w kolorze wynosi 150 PLN + VAT

Uwaga:
Z op³aty za druk pracy zostan¹ zwolnieni lekarze niezatrudnieni w instytutach naukowych,
wy¿szych uczelniach i innych placówkach badawczych.

Warunki prenumeraty czasopisma
Cz³onkowie indywidualni PTMag – 40 PLN + VAT rocznie

Osoby fizyczne – 50 PLN + VAT rocznie
Biblioteki i instytucje – 150 PLN + VAT rocznie za 1 komplet 

(4) egzemplarze + 10 PLN za przesy³kê
Wp³aty prosimy kierowaæ na konto UWM w Olsztynie:

PKO S.A. I O/Olsztyn
32124015901111000014525618

koniecznie z dopiskiem
„841-2202-1121”


