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Phytoindicative evaluation  
of habitat conditions of soilless 

formations reclaimed  
with flotation sludge,  

sewage sludge and used mineral 
wool under the influence  

of the Jeziórko sulPhur mine*

Stanisław Baran, Danuta Urban,  
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Grażyna Żukowska, Sylwia Wesołowska-Dobruk,  
Zygmunt Kwiatkowski

Institute of Soil Science, Environment Engineering and Management  
University of Life Sciences in Lublin

Abstract

The floristic observations presented below were carried out in 2011, on 5-acre plots deline-
ated on an area of degraded soil. The soil-reclamation experiment, which began in June 2004, 
was set up on devastated soilless formation affected by the Jeziórko Sulfur Mine. In the expe-
riment, the impact of different (200, 400, 800 m3 ha-1) doses of mineral wool and sewage sludge 
on characteristcis of the soilless formation was analyzed. The strongly acidic soilless formation 
(weak loamy sand) was reclaimed using flotation sludge in a dose of 100 t ha-1 for de-acidification, 
and various combinations of mineral wool and sewage sludge. The sward sown on plots pretre-
ated as above consisted of a clover reclamation mixture with the following composition: Festuca 
pratensis – 41.2%, Festuca rubra – 19.2%, Lolium perenne – 14.7%, Lolium multiflorum – 12.4%, 
Dactylis glomerata – 6.5%, Trifolium pratense – 6%. A phytoindication method was employed to 
assess the impact of different reclamation methods of soilless formation on shaping the habitat 
conditions. This assessment took into account the following indicators: soil moisture, trophism, 
pH, organic matter content, resistance to salinity and to an increased content of heavy metals. 
The method for soilless formation reclamation was found to produce an effect on the analyzed 
ecological factors. The most favorable habitat conditions were recorded in soil reclaimed with mi-
neral wool; they were worse in soil reclaimed with mineral wool and treated with NPK, but the 
worst parameters occurred in soil with the addition of sewage sludge and mineral wool.

Key words: ecological indicative numbers of vascular plants, reclamation, soilless formation, 
sulfur mine. 
prof. dr hab. Anna Wójcikowska-Kapusta, Institute of Soil Science, Environment Engineering 
and Management University of Life Sciences in Lublin, St. Leszczyńskiego 7, 20-069 Lublin, 
Poland, e-mail: anna.kapusta@up.lublin.pl
Publication financed from budget funds for science in 2010-2013 as project No N N304 400 139.
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introduction

Borehole sulfur mining results in multiple transformations of the natu-
ral environment, particularly evident in soils due to the influx of chemically 
active minerals, poor native soil quality as well as the process of mining 
(Kołodziej, SłowińSKa-jurKiewicz 2004, LecyK, BrzezińSKa 2007, Gołda 2008). 
Native sulfur, sulfides and sulfur oxides emitted during the mining process 
are potential carriers of sulfuric acid into the soil, which inevitably leads 
to intense acidification and degradation, often devastation. These changes 
create a toxic environment for most crops, affected by an acute shortage of 
nutrients and increased mobility of phytotoxic elements (MotowicKa-tereLaK, 
dudKa 1991, MotowicKa-tereLaK 1993). 

For the reclamation of degraded soils and their reconstruction on soilless 
formations near the Jeziórko Sulfur Mine, flotation sludge is successfully 
used for de-acidification, while adequate quality municipal sewage sludge 
is incorporated into soil to improve the resources of organic matter and 
nutrients (Baran et al. 2006, Krzywy et al. 2008).

Research on the application of used mineral wool for reclamation of 
devastated soils has been conducted for several years in that area. The re-
sults indicate strong influence of mineral wool on the formation of chemical, 
physicochemical and physical properties of reclaimed soils (Baran et al. 2008). 

The plant cover is a reflection of inter-relationships and dependencies 
between the natural environment elements, especially the climate and soil 
properties. Changes in plant communities result from natural effects and 
anthropogenic factors, which vary in time and space (roo-zieLińSKa 2004, 
KaLeMBaSa, MaLinowSKa 2009, Sądej, naMiotKo 2010).

It is known that many plant species are good indicators of habitat con-
ditions. Many years of research have led to the identification of specific associa-
tion of many plant species with habitat factors, which is expressed in the form 
of ecological indicative numbers (eLLenBerG et al. 1991, zarzycKi et al. 2002). 
This analysis may help to verify whether the technical and biological reclama-
tion techniques implemented in degraded and devastated areas are adequate.

The aim of this study was to evaluate, using the phyto-indication me-
thod, the habitat conditions shaped on soilless formation reclaimed using flo-
tation sludge, sewage sludge and used mineral wool from crops grown under 
cover, in an area under the impact of the Jeziórko Sulfur Mine.

material and methods

The study was carried out on experimental plots established in 2004 on 
some devastated area affected by the Jeziórko Sulfur Mine. For the reclama-
tion of soilless formation, flotation sludge, municipal sewage sludge, used mi-
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neral wool Grodan and NPK fertilizers were applied. Strongly acidic soilless 
formation (weak loamy sand) was reclaimed using flotation sludge at 100 t 
ha-1 for de-acidification, and mineral wool or sewage sludge in various com-
binations. In the experiment, the impact of different (200, 400, 800 m3 ha-1) 
doses of mineral wool and sewage sludge on the features of soilless formation 
was analyzed. Grass with a clover reclamation mixture of the following com-
position: Festuca pratensis – 41.2%, Festuca rubra – 19.2%, Lolium perenne 
– 14.7%, Lolium multiflorum – 12.4%, Dactylis glomerata – 6.5%, Trifolium 
pratense – 6%, was sown on prepared plots

The paper contains results from the first year (2004) and several years 
afterwards (2011), in which phyto-sociological records were taken. Soil sam-
ples for laboratory analyses were collected each year in autumn. 

The following analyses were performed on the collected samples: pH in 
1 mol KCl dcm-3 by potentiometry, Corg. content by the Tiurin method mo-
dified by Simakov, Nog. by the Kjeldahl method. Eleven phyto-sociological 
records were taken by the method elaborated by Braun-BLaquet (1964) on 
plots reclaimed in the various ways. The habitat conditions were determi-
ned using indicative scores given by zarzycKi et al. (2002). The following 
indicators were taken into account: W – soil moisture content (1 – very dry,  
2 – dry, 3 – fresh, 4 – moist, 5 – wet, 6 – water); Tr – trophism (1 – extre-
mely poor soils, 2 – poor, 3 – moderately poor, 4 – abundant, 5 – very abun-
dant); R – soil acidity (1 – strongly acidic soils, 2 – acidic, 3 – moderately 
acidic, 4 – neutral, 5 – alkaline); H – organic matter content (1 – soils poor 
in humus, 2 - mineral-humic soils, 3 – soils abundant in organic matter);  
S – resistance to NaCl presence in soil (1 – species tolerating increased NaCl 
content, 2 – species grown mainly on soils with increased NaCl content);  
M – resistance to increased heavy metals content in soil (1 – species tole-
rating increased content of heavy metals, 2 – species requiring increased 
concentrations of heavy metals).

results

In 2011, the pH value in the surface layer of the soilless formation rec-
laimed with different doses of used mineral wool and fertilized with NPK 
ranged from 5.2 to 6.0; in the formation reclaimed by sewage sludge, sewage 
sludge with mineral wool or mineral wool, the pH range was within 6.3-6.9. 
The reclamation method also influenced Corg. content. The highest average 
content of organic carbon was in the soil reclaimed with sludge, sewage slud-
ge and mineral wool (12.3-23.2 g kg-1); in the other reclamation variants, the 
Corg. content was similar (11.2-15.6 g kg-1). The reclamation method had no 
effect on the total nitrogen content. However, the reclaimed soil was charac-
terized by a higher content of total nitrogen (an average of 1.6 g kg-1) than 
the control soil (1.1 g kg-1) – Table 1. 
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Seven years after the onset of the experiment, in addition to the plant 
species introduced as part of reclamation treatments, other plants were no-
ted, which had entered the area by spontaneous succession over the analyzed 
soilless formation reclaimed with sewage sludge and varied mineral wool 
doses. The soils reclaimed with mineral wool were grown mainly by meadow 
species from the Molinio-Arrhenathertea class and by synanthropic and lawn 
species, as compared to other plots.

The range of humidity indicator ranged between 2 (dry habitat) to 6 
(aquatic habitats). The analyzed area was dominated by species of fresh ha-
bitats (indicator 3), which accounted for 28.9% of the studied flora (Figure 1), 
with an average of 9 plant species (Table 2). Slightly less common (23.7%) 

Table 1
General properties of reclaimed soil

Reclamation variants 
pH w KCl

Corg Ntot.
(g kg-1)

2004 2011 2004 2011 2004 2011
NPK - control 6.9 6.4 9.5 8.9 0.4 1.1
Sewage sludge - control 7.3 6.8 5.7 14.2 0.9 1.4
Sewage sludge + mineral wool 200 m3 ha-1 7.2 6.9 8.6 23.2 1.2 2.4
Sewage sludge + mineral wool 400 m3 ha-1 7.2 6.7 10.6 13.6 1.2 1.3
Sewage sludge + mineral wool 800 m3 ha-1 7.1 6.8 9.7 12.3 1.0 1.4
Mineral wool 200 m3 ha-1 7.2 6.4 7.3 11.2 0.8 1.2
Mineral wool 400 m3 ha-1 7.1 6.3 12.1 15.2 1.4 1.6
Mineral wool 800 m3 ha-1 6.9 6.5 9.5 14.6 1.1 1.4
NPK + mineral wool 200 m3 ha-1 7.1 5.9 7.0 15.6 0.8 1.6
NPK + mineral wool 400 m3 ha-1 7.2 5.2 13.6 11.8 1.6 1.1
NPK + mineral wool 800 m3 ha-1 6.8 6.0 10.1 13.0 1.4 1.4

Fig. 1. Moisture content indicator:
1 – indicator 2; 2 – indicator 2-3; 3 – indicator 2-4; 

4 – indicator 3; 5 – indicator 3-4; 6 - indicator 4; 
7 – indicator 4-5; 8 – indicator 5-6
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were species with the indicator 2-3 (intermediate habitat between dry and 
fresh). A relatively high share was created by species with the indicator 3-4 
(moist and fresh habitat), representing 22.4% of the analyzed vascular flora. 
Species with indicators 2 (dry habitat), 4 (moist habitats), and 5 (wet habi-
tats), as well as 5-6 (wet and water habitats) represented much smaller sha-
res: 14.6%, 2.6%, 1.3%, respectively. Over 3.9% of the total flora did not cor-
respond to any specific moisture content indicator (range of indicators 2-4).

Our analysis of moisture indicators for the species present on the soilless 
formation reclaimed with the studied methods shows that the largest num-
ber of species of fresh (indicator 3) and intermediate between fresh and moist 
habitats (indicator 3-4) occurred on plots reclaimed using mineral wool, while 
fewer such plants were documented on soil reclaimed using wool with NPK 
(Table 2). The lowest number of such species was recorded after the applica-
tion of sewage sludge and mineral wool.

The study shows that the soilless formation reclaimed with the tested 
methods was dominated by species of neutral habitats (indicator 4), which 
accounted for 39.6% of all the flora (Figure 2). Much fewer species were as-
signed indicators 2-3 (2.6%), 3 (6.6%), 3-4 (11.8%), 5 (2.6%), and 5-4 (15.8%). 
Species with a broad spectrum of adaptability to the acidity of substrate 
(species with indicators in the ranges 2-5 and 3-5) made up 14.5% of the 
total analyzed flora.

Table 2
Influence of reclamation method on the number of plant species according to the moisture 

content indicator

Reclamation variants
Moisture content indicator (W)

2* 2-3 2-4 3 3-4 4 4-5 5-6
NPK - control 7 8 2 9 9 2 . 1
Sewage sludge - control 4 3 1 9 2 . . .
Sewage sludge + mineral wool 200 m3 ha-1 1 4 2 8 2 . 1 1
Sewage sludge + mineral wool 400 m3 ha-1 1 5 1 6 3 . . .
Sewage sludge + mineral wool 800 m3 ha-1 . 7 1 8 3 . . 1
Mineral wool 200 m3 ha-1 3 7 3 9 7 . 1 .
Mineral wool 400 m3 ha-1 3 7 3 11 10 . . .
Mineral wool 800 m3 ha-1 3 8 2 13 10 . 1. .
NPK + mineral wool 200 m3 ha-1 3 6 3 10 8 . . .
NPK + mineral wool 400 m3 ha-1 2 8 3 9 6 1 . .
NPK + mineral wool 800 m3 ha-1 1 8 2 12 6 1 . .
Min. 1 3 1 6 2 1 1 1
Max. 7 8 3 13 10 2 1 1
Average 3 6 2 9 6 1 1 1
Coefficient of variation 64.8 27.2 39.8 20.8 51.6 - - -

* Key under Figure 1
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Our analysis of individual reclamation variants indicates that the lar-
gest number of species with indicator 4 (neutral habitat) was present in 
the reclamation variant with mineral wool, fewer in the variant with mine-
ral wool and NPK, and the fewest - with sewage sludge and mineral wool  
(Table 3). Regardless of the reclamation variant, the average number of spe-
cies with indicator 4 was twelve, while those with indicator 4-5 were six on 
average. For these indicators, the variation coefficient was also the lowest. 

Fig. 2. The pH value indicator: 
1 – indicator 2-3; 2 – indicator 3; 3 – indicator 3-4; 
4 – indicator 3-5; 5 – indicator 4; 6 - indicator 2-4; 
7 – indicator 4-5; 8 – indicator 5; 9 – indicator 4-5; 

10 – indicator 2-5

Table 3
Influence of reclamation method on the number of plant species according to the acidity indicator

Reclamation variants
Acidity indicator (R)

2-3* 3 3-4 3-5 4 2-4 4-5 5 5-4 2-5

NPK - control 1 . 4 . 7 1 6 . . 1

Sewage sludge - control 1 3 4 4 17 . 6 2 1 1

Sewage sludge + mineral wool 200 m3 ha-1 1 . 5 2 15 . 6 . 1 1

Sewage sludge + mineral wool 400 m3 ha-1 . . 5 2 12 . 2 . . .

Sewage sludge + mineral wool 800 m3 ha-1 . . 2 2 7 . 5 . . .

Mineral wool 200 m3 ha-1 . 1 2 5 15 . 5 . 1 1

Mineral wool 400 m3 ha-1 . . 5 6 15 . 5 . 2 1

Mineral wool 800 m3 ha-1 . . 4 6 17 1 6 . 2 1

NPK + mineral wool 200 m3 ha-1 . . 3 6 11 1 7 . 1 1

NPK + mineral wool 400 m3 ha-1 1 1 3 5 10 . 6 . 2 1

NPK + mineral wool 800 m3 ha-1 1 1 3 4 11 1 7 . 1 .

Min. 1 1 2 2 7 1 2 2 1 1

Max. 1 3 5 6 17 1 7 2 2 1

Average 1 2 4 4 12 1 6 2 1 1

Coefficient of variation - 66.7 30.8 40.2 29.0 - 24.7 - 37.6 -

* Key under Figure 1
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Fertility of habitats was assessed according to the trophic indicator (Tr). 
The analysis of this indicator (Figure 3) reveals the presence of species with 
the full spectrum of trophic requirements within the examined vascular 
flora. Species with very low nutritional requirements (indicator 1-2), mode-
rately poor habitat species (indicator 3), and abundant and fertile habitats 
species (indicator 4 and 5) alike grew on the studied soilless formation rec-
laimed with different methods. The results show the advantage of abundant 
habitat species, eutrophic ones (trophic indicator 4), representing 34.3%  

of the total flora studied. The smallest share was made up by taxa with 
low trophic requirements (poor and moderately poor habitats - indicator 1-2  
and 2), as well as habitats intermediate between abundant and very abun-
dant.

Our analysis of trophic indicators for species grown on the soil reclaimed 
using the tested waste shows that the largest number of fertile habitats spe-
cies (indicator 4) and intermediate between moderately poor and fertile ones 
(indicator 3-4) was found on plots reclaimed with mineral wool, fewer on soil 
reclaimed with wool + NPK, and the fewest on plots where sewage sludge as 
well as sewage sludge with mineral wool were applied (Table 4). The highest 
mean species abundance, regardless of the reclamation variant, was assigned 
to plants characterized by indicator 4 (10 species) and 3-4 (7 species).

The study carried out on reclaimed soilless formation indicates a signifi-
cant advantage of species associated with mineral-humic soils (indicator 2). 
On average, they represent 76.3% (22 species) of the studied flora, regardless 
of the reclamation method. The contribution of species with indicator 1 (soils 
poor in humus) and 3 (soil abundant in organic matter) is much smaller: 

Fig. 3. Trophic indicator:  
1 – indicator 1-2; 2 – indicator 2;  

3 – indicator 2-3; 4 – indicator 2-4;  
5 – indicator 3; 6 - indicator 3-4;  
7 – indicator 4; 8 – indicator 4-5;  

9 – indicator 4-3
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2.6% and 5.3%, respectively. In some plots, the proportion of species with 
a broad spectrum of requirements in relation to the organic matter content 
(indicators 1-2 and 2-3) was apparent (Figure 4). 

The analysis of the impact of different reclamation methods indicates 
that the largest number of species with indicator 2 (mineral-humic soils) 
was on the plots with mineral wool, fewer – on plots with mineral wool plus 
NPK, and the fewest – on plots with sewage sludge and mineral wool. On 

Table 4
Influence of reclamation method on the number of plant species according  

to the trophic indicator

Reclamation variants
Trophic indicator (Tr)

1-2* 2 2-3 2-4 3 3-4 4 4-5 4-3

NPK - control 2 5 . . 8 8 14 2 1

Sewage sludge - control . 2 . . 5 3 6 2 .

Sewage sludge + mineral wool 200 m3 ha-1 . 1 . . 2 4 9 2 1

Sewage sludge + mineral wool 400 m3 ha-1 . . . . 3 5 7 2 .

Sewage sludge + mineral wool 800 m3 ha-1 . . . . 3 5 8 4 1

Mineral wool 200 m3 ha-1 1 1 . 1 5 8 10 3 1

Mineral wool 400 m3 ha-1 . 1 . 1 6 11 11 3 1

Mineral wool 800 m3 ha-1 . 2 . . 5 10 16 3 1

NPK + mineral wool 200 m3 ha-1 . 1 . 1 5 9 10 3 1

NPK + mineral wool 400 m3 ha-1 . 2 . 1 5 10 9 2 .

NPK + mineral wool 800 m3 ha-1 . . 1 . 6 8 11 2 1

Min. 1 1 1 1 2 3 6 2 1

Max. 2 5 1 1 8 11 16 4 1

Average 2 2 1 1 5 7 10 3 1

Coefficient of variation 47.1 72.3 - - 34.5 36.6 28.9 27.0 -

* Key under Figure 1

Fig. 4. Organic matter content indicator:  
1 – indicator 1, 2 – indicator 1-2,  
3 – indicator 1-3, 4 – indicator 2,  
5 – indicator 2-3, 6 - indicator 3



15

the soil reclaimed using sewage sludge and mineral wool, noteworthy is the 
presence of species with a very wide spectrum in terms of the organic matter 
content demand (indicator 1-3) – Table 5.

The analysis of the indicator of resistance to NaCl in the soil under the 
plot experiment shows the presence of so-called facultative halophytes (spe-
cies tolerating an increased NaCl content) – Table 6. They represent 32.9% 
of the studied flora. The analysis of this indicator in the context of the type 
of waste used for reclamation indicates that most species exhibiting the re-
sistance to an elevated NaCl content (indicator 1) grew on plots reclaimed 
with mineral wool, fewer on plots treated with mineral wool + NPK, and the 
fewest were found on plots with sewage sludge and mineral wool application.

Table 5
Influence of reclamation method on the number of plant species according to the organic  

matter content

Reclamation variants
Organic matter content indicator (H)

1* 1-2 1-3 2 2-3 3
NPK - control . 2 1 15 . 1
Sewage sludge - control 1 5 . 28 3 3
Sewage sludge + mineral wool 200 m3 ha-1 . . 1 22 4 3
Sewage sludge + mineral wool 400 m3 ha-1 . 1 1 15 2 1
Sewage sludge + mineral wool 800 m3 ha-1 . 1 1 12 1 1
Mineral wool 200 m3 ha-1 1 1 . 23 3 2
Mineral wool 400 m3 ha-1 . 1 . 28 3 2
Mineral wool 800 m3 ha-1 . 2 1 28 3 3
NPK + mineral wool 200 m3 ha-1 . 2 . 23 3 2
NPK + mineral wool 400 m3 ha-1 1 2 . 22 2 2
NPK + mineral wool 800 m3 ha-1 1 1 . 22 3 2
Min. 1 1 1 12 1 1
Max. 1 5 1 28 4 3
Average 1 2 1 22 3 2
Coefficient of variation - 68.3 - 25.6 30.5 38.7

* Key under Figure 1 

Table 6
Influence of reclamation method on the number of plant species according to the resistance  

to NaCl content

Indicator  
NaCl resistance 

content  
(S)

Reclamation variants

NPK - 
control

sewage 
sludge

sewage sludge + 
mineral wool mineral wool mineral 

wool + NPK

200* 400 800 200 400 800 200 400 800
1 9 15 13 10 7 15 16 18 15 13 16

* 200, 400, 800 – doses of mineral wool in m3 ha-1
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The study shows an increased content of heavy metals on the soilless 
formation reclaimed with sludge, sewage sludge and different doses of mi-
neral wool. Elevated concentrations of heavy metals occurred in 11.8% of 
the examined flora. Our analysis of the resistance to an increased content of 
heavy metals (M) shows that the largest number of species with indicator 1 
was found on soils reclaimed with mineral wool, slightly fewer on soil recla-
imed with mineral wool and NPK fertilization, and the fewest - in the case of 
soil treated with sewage sludge and mineral wool (Table 7).

discussion

The analysis of the trophic indicator for the reclaimed soilless formation 
has shown the presence of species with a broad spectrum of trophic require-
ments within the vascular flora of the examined habitats. Species with small 
nutritional requirements as well as ones of moderately poor and abundant, and 
even very abundant habitats, were documented. However, the dominant group 
were the species attributed to abundant (eutrophic) habitats. Research by caBa-
ła, jarząBeK (1999) shows that a former landfill in Chorzow was dominated by 
species which preferred conditions typical of abundant soils. KLiMKo et al. (2004) 
indicate that the Wałbrzych dumping grounds used by the coal mines Thores 
and Victoria were also overgrown by species with different trophic require-
ments. However, the percentage of taxa with different trophic indicators was 
similar. According to jędrzejKo, oLSzewSKi (2006), the largest group of plants in 
post-exploitation areas of four liquidated coal mines was composed of mesophilic 
species, whilst eutrophic and oligotrophic plants formed a small group.

The examined habitats of reclaimed soils were overgrown by plant spe-
cies with different moisture requirements (from dry to wet). However, species 
preferring the moisture conditions typical of fresh soils were prevalent (in-
dicator 3). Similar dependencies were observed during the research made by 
caBała, jarząBeK (1999) on the former dumping grounds in Chorzow. In turn, 
KLiMKo et al. (2004) indicate that the Wałbrzych dumps were overgrown by 
flora with the predominance of wet habitat species (indicator 5).

Table 7
Influence of reclamation method on the number of plant species according to the resistance  

to the increased heavy metals content

Indicator  
increased  
resistance  
to heavy  
metals  
content  

(M)

Reclamation variants

NPK - 
control

sewage 
sludge

sewage sludge + 
mineral wool mineral wool mineral 

wool + NPK

200* 400 800 200 400 800 200 400 800

1 3 3 5 2 3 6 6 6 6 5 6

* 200, 400, 800 – doses of mineral wool in m3 ha-1
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Our analysis of the organic matter content indicates that species prefer-
ring conditions typical of mineral-organic soils dominated in the conditions 
created by the soilless formation reclamation methods submitted to our 
analysis. A similar dependence was suggested by caBała, jarząBeK (1999). 

In terms of the acidity indicator, the study of the reclaimed soilless for-
mation reveals that the largest group was composed of species characteristic 
for neutral soils. This demonstrates that acidic degradation, as the main 
form of environmental degradation in the area affected by sulfur mining, has 
been effectively eliminated. caBała, jarząBeK (1999) reported the presence of 
species preferring substrates with moderately acidic to slightly acidic pH in 
the former dumping grounds in Chorzow.

The study indicates the occurrence of species tolerating an increased 
content of NaCl and heavy metals in the soil in the examined area.

The analysis of the reclamation methods and their effects showed that 
the greatest diversity with respect to both the number of species and the 
analyzed ecological indicators was in the soilless formation reclaimed with 
mineral wool, lower – with mineral wool and fertilized with mineral fertili-
zers NPK, and the lowest – with the addition of sewage sludge and mineral 
wool. A much greater diversity of species in terms of the analyzed indicators 
was recorded in the control plot, which was fertilized with mineral NPK 
fertilizers.

conclusions

1. The soilless formation devastated due to the acidic pressure and 
afterwards reclaimed with flotation sludge, municipal sewage sludge and 
waste mineral wool from crops grown under cover achieved the habitat 
conditions where the dominant were plant species preferring moist habi-
tats, typical of fresh soils, with the trophism structure corresponding to the 
abundant soils (eutrophic), neutral pH, as well as anthropogenic soil with the 
organic matter content same as in mineral-humic soils. 

2. Among the reclamation methods, the most favorable habitat conditions 
were created on the soilless formation reclaimed with mineral wool, slightly 
worse conditions were obtained through the application of mineral wool and 
NPK fertilization, while the least beneficial was the use of sewage sludge 
along with mineral wool.

3. A dose of mineral wool did not produce a univocal impact on ecological 
indicators (soil moisture content, acidity, trophism, organic matter content, 
resistance to salinity, and increased concentrations of heavy metals).
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Abstract

The permissible threshold level of lead in blood (Pb-B) is currently established at 5 mg dL-1, 
but evidence suggests that it is impossible to determine the safety threshold for lead (Pb) and 
any exposure, especially in children, must be considered as potentially harmful. Methods used to 
reduce the concentration of Pb in blood (e.g. EDTA, penicillamine) are not always effective and 
are associated with serious side effects. One of the proposed dietary supplements in the case of 
exposure to Pb and low blood Pb concentrations is zinc (Zn), but the published literature on its 
effectiveness is limited. Therefore, the aim of this study was to clarify whether Zn supplementa-
tion may help reduce the concentration of Pb in the blood and tissues of rats, at the Pb-B level 
previously recognized as safe. Tests were performed on 6-8 week old male Wistar rats. Rats were 
divided into control and experimental groups: Group C – rats receiving drinking water ad libitum 
for 4 weeks; Group Pb – rats receiving Pb acetate 0.1% (PbAc) in drinking water ad libitum for 4 
weeks; Group Zn – rats receiving ZnCO3 300 mg kg-1 diet for 4 weeks; Group Pb+Zn – rats receiv-
ing PbAc in drinking water ad libitum plus 300 mg ZnCO3 kg-1 diet for 4 weeks. The applied dose 
of 300 mg of ZnCO3 kg-1 diet results in a high but non-toxic Zn level. The concentrations of Pb 
and Zn in blood, plasma, liver and bone were determined by emission spectrometry in inductively 
coupled argon plasma (ICP OES). Incidental exposure of adult rats to Pb at doses resulting in the 
level of Pb in blood below the previously recognized as safe one caused: (i) increased Pb concen-
tration in the bones and plasma and its reduction in the whole blood and liver (ii) simultaneous 
supplementation of rats exposed to Pb with a high but non-toxic dose of zinc did not result in the 
reduction of the Pb concentration in the blood and tissues of rats, nor did it induce any changes 
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in the distribution of Pb in the examined tissues (iii) supplementation of diets with a high but 
non-toxic dose of Zn is not an effective method of reducing the concentration of Pb in blood at 
Pb-B previously recognized as safe. However, the therapy consisting of zinc supplementation to 
support the action of chelators could be crucial for the elimination of Pb from the body. 

Key words: lead, zinc, lead tissue distribution, zinc supplementation, lead threshold level.

introduction

Despite the implementation of many regulations governing amounts of 
lead (Pb) in the environment, the risk of exposure to Pb in different periods 
of human life remains high and the toxicity of Pb is still one of the major 
health problems resulting from both environmental and occupational expo-
sure (CDC 2004, 2005, 2007, aBadin et al. 2007, wHo 2010, HruBá et al. 
2012). In developed countries, the increasing awareness of harmful effects 
of a lead-contaminated environment on the human body has eliminated Pb 
from production of fuels, paints, batteries and many consumer products such 
as cups, plastic toys and jewelry (EP 2005, EU 2008, EP 2009, WHO 2010). 
However, exposure to Pb, especially in children, continues to be mainly due 
to contact with soil and house dust contaminated with Pb or tap water con-
taminated by leaching Pb pipes. There is considerable aerial Pb emission 
from smelters, ore mining and processing, Pb acid battery manufacturing 
and coal combustion activities such as electricity generation (CDC 2007, 
2012). Pb exposure particularly affects children, due to behavioral factors 
such as frequent hand-to-mouth activities (pica), greater gastrointestinal 
absorption and an immature blood/brain barrier (LidSKy, ScHneider 2003). 

The permissible threshold level of Pb in blood (Pb-B) is currently estab-
lished at 5 mg dL-1 (cdc 2012), but evidence suggests that it is impossible 
to determine the safety threshold for Pb, hence any exposure, especially in 
children, must be considered potentially harmful (BaranowSKa-BoSiacKa et al. 
2012, 2013). It should also be noted that Pb is subject to cumulative effects, 
and because it does not break down nor is it biodegradable, any assessment 
of the environmental threat should take into account the effect of chronic 
exposure. The half-life of Pb in the body ranges from 30 days in the fast ex-
change systems (blood, soft tissue) to as much as 27 years in slow exchange 
systems (bone) (riedt et al. 2009). Constant exposure to Pb at low concentra-
tions leads to its accumulation in the body, where it is distributed to organs 
(liver, kidney, lung, pancreas, spleen, brain) and accumulated in bones (GuL-
Son et al. 2002, naSH et al. 2004, cHełcHowSKa et al. 2012) – Figure 1. 

At the same time. there are no effective and safe methods of detoxifica-
tion. Techniques used to reduce the concentration of Pb in blood (e.g. EDTA, 
penicillamine) are not always effective and are associated with serious side 
effects. One of the proposed dietary supplements in the case of exposure to 
Pb and low blood Pb concentrations is zinc (Zn), but the published literature 
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on its effectiveness is limited. Therefore, the aim of this study was to clarify 
whether Zn supplementation may help reduce the concentration of Pb in the 
blood and tissues of rats, at the Pb-B level previously recognized as safe.

Fig. 1. Diagram illustrating the absorption, distribution and elimination  
of Pb from the body: bold arrows – routes of absorption, thin arrows – excretion 

pathways, dashed arrows – movement inside the body; the main locations  
of Pb in the body (on the basis of GieL-pietraSzuK et al. 2012) 
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material and methods 

Animals
The study was performed according to the National Institute of Health 

Guidelines for the Care and Use of Laboratory Animals and the European 
Community Council Directive for Care and Use of Laboratory Animals, and 
was approved by a local ethics committee (The Pomeranian Medical Univer-
sity in Szczecin Committee on the Use and Care of Animals).

Toxicity procedure
Tests were performed on 6-8 week old male rats, inbred Wistar strain 

(n = 32). The mean body weight of rats at the start of experiment was about 
105 g (21.30±SD). Clinically healthy animals were received from farms of 
the J. Nofer Institute of Occupational Medicine in Łódź (Poland). During the 
experiments, the rats were kept in cages under standard conditions. Animals 
were fed with Murigran feed (Agropol Motycz, Poland) and had free access 
to food and water. According to the manufacturer, the feed contained grains, 
products from cereal grains, products from genetically modified legume 
seeds, fish meal, by-products of oilseeds, feed fats and mineral supplements, 
enzymes, amino acids and a mineral-vitamin mixture. The detailed compo-
sition of the feed according to the manufacturer was (the content is given as 
% of the volume of feed): crude protein 23%, crude fat 3%, ash 8%, P 0.6% at 
0.2%, Ca 1.1%, crude fiber 5.0% max., and dietary additives such as L-lysine 
(1.3%), dl-methionine (0.7%), L-threonine (0.7%), vit. A (E672) 500,000 IU g-1. 
vit. D3 (E671) 500,000 IU g-1. The manufacturer does not provide information 
about the content of Zn or Pb in feed (leaflet of Murigran, Agropol).

Rats were divided into four experimental groups. The study was conduct-
ed according to the following pattern:
Group C  – rats receiving drinking water ad libitum for 4 weeks (n = 8);
Group Pb  –  rats receiving Pb acetate 0.1% (PbAc) in drinking water  

ad libitum for 4 weeks (n = 8);
Group Zn  – rats receiving ZnCO3 300 mg kg-1 diet for 4 weeks (n = 8);
Group Pb+Zn  –   rats receiving PbAc in drinking water ad libitum plus  

300 mg ZnCO3 kg-1 diet for 4 weeks (n = 8).
The solution of PbAc was prepared daily in disposable plastic bags (hy-

dropac, Anilab. Poland) from solid reagent directly in the desired concentra-
tion; the solution was not acidified. The volume of intaken liquids did not 
differ significantly between the experimental and control rats.

Previous studies (BaranowSKa-BoSiacKa et al. 2012) have shown that the 
applied dose resulted in the concentration of Pb in the whole blood of ani-
mals (Pb-B) below the limit permissible in the blood in humans (<5 mg dL-1). 
The applied dose of 300 mg of ZnCO3 kg-1 diet caused a high but non-toxic Zn 
level (jaMieSon et al. 2006). 
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After the completion of the experiment, the animals were anesthetized 
with pentobarbital sodium given intraperitoneally at a dose of 200 mg kg-1 
body weight, and then exsanguinated by cutting the apex of the heart. Blood 
(5 mL) was collected into vacutainer tubes intended for the determination of 
heavy metals with a heparin containing needle (250 IU) used as anticoagu-
lant. Organ samples were collected (liver and bones) and immediately frozen 
in liquid nitrogen for further analysis at -80°C.

Emission spectrometry in inductively coupled argon plasma (ICP OES) 
Pb, Zn determination 

The concentrations of Pb and Zn in the material were determined by emis-
sion spectrometry in inductively coupled argon plasma (ICP OES) using the 
camera Optima 2000 DV (Perkin Elmer), after prior digestion in a microwave 
oven Microwave (Anton Paar). 

Test portions of the liver and bone (0.6 g) were transferred to a quartz 
pressure vessel, to which then 5.0 mL of 65% HNO3 (Suprapur. Merck) and 
0.5 mL of 30% H2O2 (Suprapur. Merck) were added. After closing, the vessels 
with whole blood were placed in a microwave oven equipped with a tempera-
ture control system and a constant pressure in each of the quartz vessel. Mi-
neralization parameters were: 0-5 min; a linear gradient from 100 to under 
600 W, 6-10 min - 600 (const.), 11-20 min - 1000 W or less after reaching the 
limit value (75 MPa or 300°C), from 21 to 35 min - cooling the vessel. 

Pb and Zn were determined directly in solutions prepared as explained 
above or diluted 100 times or 1000 times in order to obtain an optimal con-
centration range for ICP (of the order of several mg L-1). A certified multi
-element standard called Merck ICP Multielement Standard IV served as a 
reference. Solution standards were supplemented with the acid used for dige-
stion added at the level found in the mineralized samples. In order to further 
minimize the potential of possible interference of sample into the plasma and 
other types of physical disorders in the plasma of argon, the analysis was 
performed using an internal standard, hence yttrium (Y) was introduced  
to the solutions of samples and standards at a concentration of 0.5 mg L-1 Y.  
All measurements of the emitted radiation intensity were performed by se-
lecting a longer optical path of the axial (along the plasma) spectrometer. 
The measurement parameters: RF power generator – 1300; spray tempera-
ture – 30°C, the injection of the sample into the nebulizer – 1.5 mL min-1;  
gas – argon 5.0, the flow of argon plasma – 15 L min-1 flow auxiliary argon 
– 0.5 L min-1; the transfer of argon nebulizer – 0.8 L min-1; wavelength of 
206.200 nm, Zn, Pb wavelength – 220.353 nm.

Statistical analysis 
The results were analyzed statistically using Statistica 6.1 software. 

Arithmetical means and Standard Deviations (SD) were calculated for each 
of the studied parameters. The distribution of results for individual variables 
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was obtained by the Shapiro-Wilk test. As most of the distributions deviated 
from a normal distribution, non-parametric tests were used for further analy-
ses. Correlations between the parameters were examined by the Spearman’s 
rank correlation coefficient (Rs). In order to assess differences between the 
studied groups, the non-parametric Mann-Whitney U-tests or Kruskal-Wallis 
tests were used, and p-values of less than 0.05 were considered significant.

results and discussion

Body mass 
The mean body weight of rats exposed to lead (Pb group) was signifi-

cantly lower compared to the control group (C group), by 9% (p = 0.049). 
Significantly lower than the control group (11%, p = 0.049) was also the body 
weight of rats that received Pb and were supplemented with zinc (Zn+Pb 
group). Also, the reduction of the body weight of rats treated with Pb com-
pared to the group treated with Zn alone (Zn group) was statistically signifi-
cant: 8% (p = 0.05). The 9% decrease (p = 0.04) observed in the group of rats 
that received both Pb and Zn, compared with the group supplemented with 
Zn (Zn group), proved to be statistically significant as well (Figure 2).

C group  –  rats receiving drinking water ad libitum for 4 
weeks (n = 8);

Pb group –  rats receiving Pb acetate 0.1% (PbAc) in the 
drinking water ad libitum for 4 weeks (n = 8);

Zn group –  rats receiving ZnCO3 300 mg kg-1 diet for 4 weeks 
(n = 8);

Pb+Zn group –  rats receiving PbAc in drinking water ad libitum 
plus 300 mg ZnCO3 kg-1 diet for 4 weeks (n = 8);

* – difference statistically significant vs C group (control) p < 0.05;
# – difference statistically significant vs Zn group p < 0.05;

Fig. 2. Body mass of rats subjected to 4-week exposure to:  
Pb (Pb group), lead and zinc supplementation (Pb+Zn group), 
zinc supplementation (Zn group) and control group (C group)
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Lead concentration in the whole blood 
The average concentration of Pb in whole blood of rats in the group 

exposed to lead (Pb group) was approximately 160-times higher (significantly 
at p = 0.00015) than in the control group (C group). Also, the Pb concen-
tration in the blood of rats which received Pb and Zn (Pb+Zn group) (p = 
0.00015) was significantly higher than in the control (by 94%). A statistically 
significant increase in the Pb concentration (by 94%) also occurred in the Pb 
compared to Zn group (Zn group) (p = 0.00031). An increase in the concentra-
tion was also observed in the group administered lead and zinc (Zn+Pb gro-
up) compared with the one supplemented with zinc (Zn group), being about 
160-fold higher (p = 0.00031) – Table 1.

Lead concentration in plasma
The average concentration of Pb in the plasma of rats exposed to lead 

(Pb group) was significantly higher in comparison with the control group (C 
group), by about 171-fold (p = 0.00031). Significantly higher, by 99% as com-
pared to the control group, was also the concentration in plasma of rats that 
received the Pb and Zn (Pb+Zn group, p = 0.00031). A statistically significant 
increase was observed in the Pb concentration (by 99%, p = 0.00031) in the 
group receiving lead (Pb group) compared with the one supplemented with 
zinc (Zn group). An increased concentration (about 130-fold, p = 0.00031) 
occurred in the group receiving Pb and Zn (Zn+Pb group) compared with the 
one supplemented with Zn (Zn group) – Table 1.

Lead concentration in liver
The average concentration of Pb in the liver of rats exposed to lead (Pb 

group) was significantly higher (by about 400 times) compared to the control 
group (C group), p = 0.000155. Also, the concentration of Pb in the liver of 

Table 1
The concentration of Pb in the whole blood (Pb-B) and plasma (Pb-P) of rats after 4 weeks  

of exposure to Pb (Pb group), lead and zinc supplementation (Pb+Zn group),  
zinc supplementation (Zn group) and the control group (C group)

Group c (n = 8) zn (n = 8) Pb (n = 8) Pb+Zn (n = 8)
Pb-B (μg dL-1)

0.183±0.014 0.188±0.012 3.1317±0.333***### 3.270±0.395***###

Pb-P (μg dL-1)
0.003±0.0007 0.003±0.0002 0.410±0.0627***### 0.400±0.0346***###

C group  – rats receiving drinking water ad libitum for 4 weeks (n = 8);
Pb group  – rats receiving Pb acetate 0.1% (PbAc) in the drinking water ad libitum for 4 weeks  
    (n = 8);
Zn group  – rats receiving ZnCO3 300 mg kg-1 diet for 4 weeks (n = 8);
Pb+Zn group  – rats receiving PbAc in drinking water ad libitum plus 300 mg ZnCO3 kg-1 diet  
    for 4 weeks (n = 8).
The results are expressed as means ±standard deviation. 
***  – difference statistically significant vs C group, p < 0.001 (Mann-Whitney test);
###  – difference statistically significant vs Zn group, p < 0.001 (Mann-Whitney test).
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rats that received Pb and Zn (Pb+Zn group) was significantly higher than in 
the control (by 97%, p = 0.00015). A statistically significantly higher concen-
tration of lead in the liver (96%, p = 0.00031) was found as well in animals 
treated with Pb (Pb group) compared to the group treated with Zn alone (Zn 
group). Over a 250-fold increase (p = 0.00031) was observed in the group of 
rats that received both lead and zinc (Zn+Pb group) versus the group sup-
plemented with zinc (Gr Zn), which was a statistically significant difference, 
too (Table 2).

Lead concentration in bones
The average concentration of Pb in the bones of rats exposed to lead  

(Pb group) was significantly higher (by about 850 times) than in the 
control group (C group), p = 0.000155. Significantly higher (by 98%, 
p = 0.000155) than the control was also the Pb concentration in the 
bones of rats that received Pb and were supplemented with zinc 
(Zn+Pb group). A statistically significant increase (by 98%) was ob-
served in the bone Pb concentration among the group receiving  
Pb (Pb group) compared with the group supplemented with Zn  
(Zn group), p = 0.00031. An increase in the concentration (about 600-fold,  
p = 0.0003108) was likewise observed in the group receiving Pb and  
Zn (Zn+Pb group) in comparison with rats receiving Zn alone (Zn group) – 
Table 2.

Zinc concentration in plasma
The average concentration of Zn in the plasma of rats exposed to zinc 

(Zn group) was significantly higher (by 63%) than in the control group (p = 
0.00031). Also, the concentration in plasma of rats that received Pb and Zn 
(Pb+Zn group) was significantly higher (42%, p = 0.000155) than the control 
(C group). A decrease in plasma Zn in the group receiving Pb (Pb group) 
was statistically significant compared with the group supplemented with Zn  
(Zn group), at 72% (p = 0.00031). An increase in the Zn concentration  
(by 81%, p = 0.00031) was also observed in the group receiving Pb (Pb group) 
versus the one receiving Pb and Zn (Zn+Pb group) – Table 3.

Table 2
The concentration of Pb in the liver and bones of rats subjected to 4-week exposure to Pb  
(Pb group), Pb and zinc supplementation (Pb+Zn group) zinc supplementation (Zn group)  

and control group Pb group (C group)

Group c (n = 8) zn (n = 8) Pb (n = 8) Pb+Zn (n = 8)
Pb liver (μg g-1 d.m.)

1.751±1.026 2.297±1.001 7.212±2.150***### 6.063±1.053***###

Pb bones (μg g-1 d.m.)
0.333±0.145 0.427±0.106 28.744±18.197***### 27.166±8.256***###

Key: under Table 1. 
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Zinc concentration in liver
The average concentration of Zn in the liver of rats exposed to lead (Pb 

group) was significantly lower, by 32% (p = 0.049), in comparison with rats 
supplemented only with Zn (Zn group) – Table 3.

Zinc concentration in bones
The average concentration of Zn in the plasma of rats exposed to lead 

(Pb group) was significantly lower (by 17%) than in the control group (C gro-
up), p = 0.0018. Also, a decrease (by 12%) in the concentration of plasma Zn 
in the group receiving Pb (Pb group) compared with the group supplemented 
with Zn (Zn group, p = 0.0029) was statistically significant. A decrease in the 
Zn concentration by 10% (p = 0.0028) was also observed in the group admi-
nistered Pb (Pb group) compared to the group receiving Pb and Zn (Zn+Pb 
group) – Table 3.

Distribution of lead in the tissues examined
In the control group (C group), almost half of the average Pb level was 

found in the bones of rats (49%), the remainder being almost equally divided 
between whole blood and liver (about1/4). An average percentage of lead in 
blood plasma was 0.4% (Figure 2).

In the group of rats subjected to 4-week exposure to lead (Pb group), the 
average percentage of lead in the bones increased compared to the control 
group (C group) by nearly a quarter, and was over 70%. However, Pb levels 
in the liver and blood were reduced by 7% and 18%, while the content in pla-
sma significantly increased in comparison to the control group and amounted 
to 1% of the average amount in the tissues examined (Figure 2).

Table 3
The zinc concentration in plasma (Zn-P), liver, and bone of rats after 4 weeks of exposure to Pb 

(Pb group), Pb and zinc supplementation (Pb+Zn group) zinc supplementation (Zn group)  
and control groups (C group)

Group  c (n = 8) zn (n = 8) Pb (n = 8)  Pb+Zn (n = 8)
Zn-P (mg L-1)

1.376±0.204 2.242±0.158*** 1.3041±0.235###&&& 2.358±0.160***

Zn liver (mg kg-1 d.m.)
3.919±0.945 4.290±0.887 3.245±0.921# 3.191±1.354

Zn bones (mg kg-1 d.m.)
232.722±28.952 216.748±19.787 193.163±14.636***#& 213.304±13.226

Key to the groups: under Table 1 
The results are expressed as means ± standard deviation. 
***  – difference statistically significant vs C group; p < 0.001 (Mann-Whitney test);
#  – difference statistically significant vs Zn group; p < 0.05 (Mann-Whitney test);
###  – difference statistically significant vs Zn group; p < 0.001 (Mann-Whitney test);
&  – difference statistically significant vs Zn+Pb group; p < 0.05;
&&&  – difference statistically significant vs Zn+Pb group; p < 0.001.
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In the group of rats given Zn supplementation (Zn group), the avera-
ge percentage of lead in bone was similar to the control group (C group). 
Distribution of Pb in the whole blood and plasma was at the same level as 
in the control group. There was a significant positive correlation between the 
concentration of Zn and Pb in the liver (Rs = +0.89) in this group (Figure 2).

In the group of rats subjected to 4-week exposure to lead and zinc 
(Pb+Zn group), the percentage distribution of Pb in bones was similar to 
the group of rats treated with lead (Pb group). The percentages of Pb in the 
whole blood, plasma and liver were also similar to the ones in the group of 
rats treated with lead, in which there was a significant negative correlation 
between the serum Zn concentrations and Pb content in the liver (Rs = -0.71) 
and bone (Rs = -0.73) – Figure 3, Table 4.

Lead
The four-week exposure of rats to 0.1% PbAc in drinking water caused 

an increase in the concentration of Pb in all examined tissues. The available 
literature informs that more than 90% of lead contained in the blood is ab-
sorbed by red blood cells, while 10% remains in the plasma, of which from 
40% to 75% binds to plasma proteins, mainly albumin. The rest of Pb in 
plasma binds to low molecular weight ligands, while only 0.01% of the total 
pool of Pb is in the free state (GieL-pietraSzuK et al. 2012). In the present 
study, a 16-fold increase was shown in the Pb concentration in the blood as 
compared to the control group, 87% of Pb was found in erythrocytes, while 
only 13% remained in the plasma, thereby confirming the strong affinity of 
the metal to erythrocytes.

The bones are considered to be the main reservoir of Pb in the body – over 
90% Pb has been shown to accumulate in the tissue, where it is far less met-
abolically active than in soft tissues. In the view of the fact that bones belong 
to slow changing tissues, Pb detoxification in bones takes a very long time 
and can last from a dozen to several dozens of years. In our study, more than 
a 90-fold increase in the concentration of Pb compared with the control group 
was observed in the bones of the tested animals, and the content of Pb in the 
tissue was 10 times higher than in the whole blood, thereby confirming the 
cumulative capacity of the tissue with regard to lead. However, according to 
many recent studies, even the bone lead pool, previously regarded as a deposit 
site for this element and also a form of its detoxification, can be mobilized in 
various physiological states such as pregnancy, osteoporosis and hormonal 
disorders (GuLSon et al. 2002, naSH et al. 2004, riedt et al. 2009). Under these 
conditions, lead deposited in bones may be released into the bloodstream and 
therefore to other tissues/organs (GieL-pietraSzuK et al. 2012).

KuLiKowSKa et. al (1994) also observed increased concentrations of Pb in 
all examined tissues of rats exposed to 500 ppm of PbAc for 6 weeks. The 
concentration of Pb in the liver was four times higher (1.15 mg g-1 dry mass), 
and in the whole blood several times higher (62 mg dL-1) than in the control 
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Fig. 3. Average per cent distribution of Pb in the control group (C group), rats subjected  
to 4-week exposure to Pb (Pb group), zinc supplementation (Zn group), lead and zinc  

supplementation (Pb+Zn group)

Table 4

The correlation between the concentration of zinc in blood plasma (Zn-P) and the concentration 
of Pb in the tissues tested

Group Correlation Spearman rank correlation 
coefficient Significance of difference (p)

C

Zn-P – Pb plasma 0.19 0.6514
Zn-P – Pb liver -0.05 0.9108
Zn-P – Pb bone +0.38 0.3518

Pb

Zn-P – Pb plasma +0.04 0.9394
Zn-P – Pb liver +0.25 0.5887
Zn-P – Pb bone -0.17 0.7016

Zn

Zn-P – Pb plasma 0.04 0.9394
Zn-P – Pb liver +0.89 0.0068***
Zn-P – Pb bone -0.53 0.2152

Zn+Pb

Zn-P – Pb plasma -0.35 0.4316
Zn-P – Pb liver -0.71 0.0503*
Zn-P – Pb bone -0.73 0.0503*



30

group. The lead concentration in the bones of the examined rats reached a 
value of more than 90-fold higher than in the control and was approximately 
94 mg g-1 d.m. 

adeMuyiwa et al. (2010) investigated the effect of various concentrations 
of Pb on its distribution in the blood and other organs such as the liver, kid-
ney, spleen and heart. For 12 weeks, rats were given 200, 300 and 400 ppm 
Pb. In all examined tissues, there was an increase in the concentration of 
the toxic element. In the whole blood of rats treated successively with 200, 
300 and 400 ppm Pb doses, the Pb concentration increased 6, 9 and 5 times 
in comparison to the control. Similarly, in the liver there was a 10-, 3.5- and 
2.5-fold increase in the concentration of this element in relation to the con-
trol group. The authors concluded that an increase in the concentration of 
Pb in blood is proportional to the administered dose. In our study, the spleen 
was the only organ which showed such dose dependency.

Batra et. al (2001) studied the effect of different doses of testicular and 
epididymal Pb in rats treated sequentially with 10, 50 and 200 mg Pb kg-1. 
The increase in the concentration of Pb in the testes of rats was proportional 
to the administered dose, but there was no such relation in the case of the 
epididymis, confirming the data obtained by adeMuyiwa et al. (2010). 

KozieLec et. al. (1994) conducted research on children to demonstrate 
the relationship between the age and Pb level in hair. They examined 135 
children aged 5 to 14 years. The experiment did not take into account the 
body weight and sex of the children. The experimental results showed that 
the highest average Pb content in hair appeared in the youngest group of 
respondents, i.e. children from 5 to 6 years old, where it averaged 2.8 mg g-1 
d.m. and 2.68 mg g-1 d.m. The level of Pb in hair of older children was signifi-
cantly lower. This relationship may indicate a better ability to uptake Pb by 
the youngest children.

zinc
The four-week supplementation of rats with zinc carbonate at a dose of 

300 mg kg-1 diet did not cause significant changes in the body weight com-
pared with the control group. Also, the amount of food intake was similar 
to the control animals. There was a significant, 63% increase in plasma 
Zn compared with the control group, while in the liver and bone there was 
no significant increase in the concentration of Zn. A significant increase in 
plasma Zn indicates its actual absorption from the gastrointestinal tract. 
The duration of the experiment may have been insufficiently long for Zn 
contained in the plasma to be transferred to organs. It cannot be excluded 
that extension of the experimental period would have increased the concen-
tration of Zn in all examined tissues. This argument is supported by the 
work of MazureK-MacHoL et al. (2005), who analyzed the content of Zn in 
tissues in a 12-week experiment. Rats were given two different doses of Zn 
in water: the lower dose was 1 mg kg-1 while the higher one reached 3 mg 
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kg-1. Same as in the present study, the supplementation had no effect on the 
body weight and mobility of rats in comparison with the control group. The 
Zn concentration in serum was about 18% higher versus the control in both 
supplemented. groups The Zn concentration in urine was approximately 32% 
higher in the group receiving the higher dose and slightly lower in the group 
supplemented with the lower dose Zn. In the group treated with the higher 
Zn dose, there was also a significant, 24% increase in the concentration of 
this element in bones. In both supplemented groups, there was an increase 
in bone mass caused by zinc supplementation, although it was not statisti-
cally significant. It was shown that the degree of absorption of Zn was pro-
portional to the dose.

In our study, rats treated with Zn supplementation and simultaneously 
receiving PbAc in drinking water had a lower concentration of Zn in plasma. 
This could be due to some antagonism between Zn and Pb (paSternaK et al. 
2000), since both elements have been shown to possess a similar mechanism 
of absorption in the intestine, hence competing with each other in the pro-
cess of intestinal transport and intracellular transport (Morawiec 1991). In 
addition, Pb also induces the inhibition of intestinal absorption of other mi-
croelements (HornowSKa et al. 1996), and act antagonistically towards Zn in 
cells (e.g. binding by proteins). Presumably, this was the case in our study, 
where rats fed Pb in drinking water had a reduced Zn concentration in pla-
sma. Slight decreases in the content of Zn during Pb administration compa-
red with the control group were observed in blood and the liver, although the 
differences were not statistically significant. However, there was a significant 
decrease in the bone Zn concentration (about 17% compared to the control 
group). It can be assumed that exposure to Pb had a negative effect on the 
concentration of Zn in bone probably also due to an increased elimination 
of zinc from the body in response to the increased supply of Pb. It is also 
conceivable that longer exposure or a higher dose of Pb could be additionally 
reflected by decreased concentrations of Zn in other examined tissues.

paSternaK et al. (2000) examined the effect of different concentrations 
of Pb on the Zn content in the skin of rats. The animals received 100 or  
300 mg L-1 PbAc in drinking water. After six weeks of the experiment, a 
decrease was observed in the concentration of Zn compared with the control 
group in both groups. Under exposure to a higher concentration of Pb, the 
Zn concentration in the skin was 43.6 mg g-1 of tissue, which was about 17% 
less than in the control group, where the concentration of Zn was 52.1 mg g-1 
of tissue. At a Pb concentration of 100 mg L-1, a 5% decrease in the concen-
tration of Zn in the skin was also observed, although it was not statistically 
significant. It was found that the Pb administered in a diet lowered the con-
centration of Zn in the skin of rats, and this relationship was proportional to 
the dose of Pb. A slightly different result was obtained by adeMuyiwa et al. 
(2010), who investigated the relationship between the administration of var-
ious concentrations of Pb on the Zn content in the blood, heart, liver, spleen, 
and kidneys. The animals were divided into 4 groups, which received 200, 
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300 or 400 ppm Pb. Their results confirmed the negative impact of Pb on the 
Zn concentration in the blood, and the lowering of the blood Zn content was 
directly proportional to the dose, same as reported by paSternaK et al. (2000). 
However, such a dose-related dependence was not found in other organs, i.e. 
the kidney, liver and spleen.

KozieLec et al. (1994) studied the Pb content in the blood of children of 
different ages and its impact on the level of other microelements in hair. It 
was shown that 7.4% of patients had low levels of zinc in their hair. Those 
children also had the highest blood Pb (from 3.5 mg dL-1 - 8.7 mg dL-1), which 
would confirm the mutual rivalry of both elements.

Zinc supplementation 
Numerous studies have concluded that Pb affects the metabolism of 

many divalent elements (SKoczyńSKa 2006). It has been shown that both 
the excess and deficiency of individual elements acts on other micronutri-
ents primarily by affecting their absorption from the gastrointestinal tract 
and/or cellular transport. The mechanism of this influence may be used to 
eliminate or reduce the absorption of Pb from the body, because it has been 
shown that it competes for binding of ligands to such elements as Zn, Cu or 
Ca (HornowSKa et al. 1996). Another important factor is the aforementioned 
antagonism with other elements, such as Ca, Fe and Zn in absorption from 
the gastrointestinal tract (paSternaK et al. 2000). 

Our study on rats treated for four weeks with PbAc in drinking water 
and rats which, in addition to PbAc, were supplemented with 300 mg kg-1 
ZnCO3 diet, showed a Zn-induced reduction in Pb in all examined tissues 
except blood. A decrease in the concentration of Pb was the highest in the 
liver (by 16%) compared to a 5% decline in the bones, while only 2% in plas-
ma. Differences in concentrations were not statistically significant although 
it is possible that longer supplementation time would have resulted in a 
significant decrease in the concentration of Pb, as evidenced by the observed 
significant strong negative correlation between the concentration of Zn and 
Pb in the liver (Rs = -0.71, p = 0.05) and bone Rs = -0.73, p = 0.05). 

In the experiment of Batra et al. (2001), the effect of 3-month zinc 
supplementation on the concentration of Pb was investigated in the testes 
and epididymis of rats treated with lead. One group of animals received 50 
mg Pb kg-1, and the other one was given 50 mg Pb kg-1 and supplemented 
with 1 mg Zn kg-1. The concentration of Pb in the testes of rats that had re-
ceived only Pb was 1586 ng g-1 tissue while in rats also supplemented with 
Zn the Pb concentration decreased by as much as 33% and was 1064 ng g-1  
tissue. Similarly, Pb concentration in the epididymis decreased from  
477 ng g-1 tissue to 218 ng g-1 tissue, a 55% decline. According to the re-
searchers, the main cause of the protective effect of Zn was the limited ac-
cessibility of binding sites for Pb in the intestine. KuLiKowSKa et. al. (1994) 
during a six-week-long experiment gave 500 ppm Pb to rats, of wihch one 
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group received Zn concentration of 240 ppm for two weeks. There was a 30% 
decrease in the bone Pb content and a 50% decrease in blood Pb. In other 
organs such as the liver, kidney and spleen, despite Zn supplementation, Pb 
levels were maintained at a level similar to the group exposed to lead.

In treatment of children with elevated blood Pb levels above the cur-
rently regarded as safe (5 mg dL-1), chelation therapy is recommended. As it 
is known, chelates are complexes in which the so-called central ion (in most 
cases this a divalent or trivalent metal) is bound to organic ligands. Due 
to the excess of Pb or the deficiency of micronutrients with a competitive 
activity in the body (Ca, Zn, Fe, Cu), these elements may be displaced and 
replaced by lead. Compounds which can prevent this in chelation therapy are 
EDTA (ethylene-diamine-tetraacetic acid) or DMSA (2,3-dimercaptosuccinic 
acid). The latter has been used in the removal of Pb from the soft tissues 
and bones since in the 1990s, when it was introduced in the United States 
in order to reduce Pb in children (Sapota, LiGocKa 1996). The answer to the 
question whether these compounds are able to eliminate the already estab-
lished effects of exposure to Pb, however, requires further research, but they 
certainly cause a reduction in Pb concentration in blood. A study by tandon 
et al. (1994) was expected to answer to the question whether chelators with 
an additional methionine and Zn supplementation cope better with the re-
moval of Pb from tissues of rats than chelators without additives. It turned 
out that the addition of zinc and methionine to EDTA or DMSA significantly 
improves the removal of Pb from tissues and excretion in the urine.

Honey-based preparation called Propolis was tested as an alternative to 
the previously used DMSA. Sapota, LiGocKa (1996) in an experiment carried 
out on 4 groups of rats studied the effect of various concentrations of Propo-
lis and DMSA on the content of Pb in tissues. Each treatment group received 
Pb for 6 days at a dose of 5 mg kg-1 per day. During the experiment, the first 
group was supplemented with DMSA preparation, while the other was given 
Propolis at a lower concentration of 15/2, and the third one received Propolis 
at a higher concentration of 25/3. The control group consisted of rats that 
received only lead. A significant decrease was shown in the concentration of 
Pb in rats treated with DMSA. The reduction of this element was observed 
in almost all examined tissues. The effect of Propolis was less spectacular, 
with the concentrations of Pb decreasing in almost all examined tissues 
(from 2-36%) albeit in a statistically insignificant manner. The comparison 
of the two Propolis concentrations showed a higher Pb reduction and better 
elimination of this element after the more diluted preparation had been ad-
ministered. 

The use of chelators such as EDTA and DMSA is the most effective 
method to remove Pb from cells. It should be borne in mind that both che-
lators have a number of side effects, for example non-selective binding to 
all divalent metals, including the essential ones, meaning that a long-term 
therapy of Pb poisoning causes acute deficiencies of other elements; thus 
indications for the use of chelating agents remain controversial. Chelation 
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has eliminated the actual mortality in Pb poisoning, but there are no reports 
indicating that chelation is effective in relieving neurological effects of Pb 
poisoning. In addition, the use of chelating preparations such as EDTA or 
BAL requires a painful and expensive parenteral therapy with the concom-
itant risk of nephrotoxicity. Currently used chelating agents such as d-pen-
icillamine (hydrocracking, Cuprimine) are effective as oral chelating agents 
at lower concentrations of Pb in the whole blood. The side effects, however, 
include allergy, nausea, haematuria, and a drop in the counts of blood plate-
lets and white blood cells. Undoubtedly, an important role is also played by 
proper nutrition and satisfying the demand for vitamins, ions and minerals, 
especially in the most vulnerable patients such as small children. It must be 
remembered that the shortage of elements such as Cu, Zn, Fe and Mg in-
creases the harmful effects of Pb (HornowSKa et al. 1996). Therefore, therapy 
consisting of Zn supplementation only or Zn supplementation supporting the 
action of chelators already in use may be crucial for the elimination of Pb 
from the body. 

conclusions

Incidental exposure of adult rats to Pb at doses resulting in the level of 
Pb in blood below the previously recognized as safe resulted in: (i) increased 
Pb in the bones and plasma and the reduction in the whole blood and liv-
er (ii) simultaneous supplementation of rats exposed to Pb with high but 
non-toxic dose of zinc: - did not result in the reduction of the concentration 
of Pb in the blood and tissues of rats, - did not result in changes in the dis-
tribution of Pb in the tissues examined (iii) supplementation of diets with 
high but non-toxic dose of zinc is not an effective method for reducing the 
concentration of Pb in the blood at Pb-B previously recognized as safe. How-
ever, the therapy consisting of zinc supplementation to support the action of 
chelators could be crucial for the elimination of Pb from the body. 
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Abstract

Next to nitrogen, phosphorus, potassium and magnesium, sulphur plays an important role 
in plant metabolism and is considered to be one of the most important nutrients. As sulphur 
deficit in Polish soils has been increasing in the last few decades, research has been carried out 
in order to evaluate the impact of different sulphur rates and forms on the content of macro-
elements (N, P, K, Ca, Mg, S, Na) and their ratios in the Mila cultivar potato tubers. A strict, 
three-year field experiment was set up on Haplic Luvisol with acid reaction (5.3 pHKCl), mean 
richness in available forms of phosphorus, potassium and magnesium but low in sulphur. The 
field experiments involved the sulphur application in doses of 20 and 40 kg S kg-1 in the form 
of sulphate (VI) (K2SO4 and (NH4)2SO4) as well as in elemental form (Wigor S, containing 90% 
of pure sulphur and 10% of bentonite). Although potatoes represent the group of crops with low 
sulphur requirements, the research has clearly indicated that this component has definite im-
pact on the content of macroelements in tubers. It was found that sulphur application, irrespec-
tive of its form and rate, compared with control sample generally increased the content of ni-
trogen, sulphur and magnesium in potato tubers, decreasing at the same time calcium content.

The effect of the form of sulphur fertilisers on the content of macroelements was not univo-
cal. The values of all the ratios calculated (K+:Mg+2, K+:(Ca+2+Mg+2) and (K++Na+ ):(Ca+2+Mg+2)), 
except for K+:Ca+2, have generally decreased after sulphur application, which indicates positive 
changes in the nutritive value of potato tubers. 

Key words: sulphur, fertilisation, potato tubers, macroelements, ionic rations.

introduction 

Owing to its specific physiological role in plant metabolism, sulphur is 
considered to be one of the key nutrients for plants (HaneKLauS et al. 2000, 
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SaHota 2006). Its deficit decreases plant yield and often leads to deteriora-
tion of the yield quality, which is determined by the content of minerals and 
their ratios (eppendorFer, eGGuM 1994, BLaKe-KaLFF et al. 2003). At the turn 
of the 20th and the 21st century, data on sulphur deficit in Poland (SzuLc 
2008) and many other countries (Stern 2005, MorriS 2007) was published. 
Symptoms of sulphur deficiency are observed not only in the plant species 
with high sulphur requirements but also in those which require relatively 
less S, including potato (Solanum tuberosum L.) (paVLiSta 1995, KLiKocKa 
2004, SHarMa et al. 2011). Sulphur enhances starch synthesis in tubers, is a 
component of proteins and many enzymes, limits the content of nitrates and 
reducing sugars, which in turn improves the technological value of potato 
(eL-FayouMy, eL-GaMaL 1998, LaLitHa et al. 2000). It increases the resistance 
of this species to environmental stresses and plays an important role in pro-
tecting the plants from pests and diseases (waLKer, BotH 1994). KLiKocKa 
(2005) demonstrated that induced sulphur fertilization increased potato re-
sistance to infection with Rhizoctonia solani fungi. In regions polluted with 
sulphur compounds and with decreased soil pH, smaller infestation with 
Colorado potato beetle (Lepti-notarsa decemlineata) as well as an increased 
potato resistance to common scab (Streptomyces scabies) is observed (paV-
LiSta 1995). The content of sulphur in potato tubers is on average between  
0.7-2.0 g kg-1 and its uptake ranges from 18 to 40 kg ha-1 (KLiKocKa 2004).

In Europe, potato tubers are the staple food in everyday diet. In the 
last decades, potato consumption has been growing steadily in countries 
where historically potatoes had hardly been grown at all, particularly in 
South-Eastern Asia (SHarMa et al. 2011). The consumption value of tubers 
is defined on the basis of the content of dry weight, starch and the content 
of respective macroelements. Maintaining the cation-anion balance is one of 
the major factors governing an adequate course of plant metabolism as well 
as the yield size and quality. 

Sulphur plays a very important role in plant physiology. Moreover, 
its balance in agroecosystems has been disturbed, thus research has been 
carried out to evaluate the effect of varied sulphur rates and forms on the 
content of selected macroelements and their equivalent ratios in the Mila 
cultivar potato tubers.

method and materials

Field experiments were performed from 2003 to 2005 at the Experimen-
tal Station of the Faculty of Agriculture of the University of Technology and 
Life Sciences in Bydoszcz, located at Wierzchucinek (53°26′ N, 17°79′ E).  
A mid-early cultivar of table potato called Mila was grown in Haplic Luvisol 
formed from till of very good rye complex. The III b soil valuation class soil 
was of acid reaction (pHKCl – 5.3) and exhibited an average richness in the 
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available forms of phosphorus, potassium and magnesium. The content of 
sulphate form (VI) S-SO4

2- was low (the mean of 9.4 mg kg-1).
A strict fertilisation experiment was performed in 3 replicates. The 

experiment was set up as a single-factor experiment following the randomi-
sed block design. The area of the plot was 20 m2, and for harvest - 16 m2. 
The experimental factor involved the type of mineral fertilisation containing 
sulphur in the ionic or elemental form. The following fertilisation treatments 
were considered:

S1 – 0 kg S ha-1;
S2 – 20 kg S ha-1 in the form of ammonium sulphate (VI);
S3 – 40 kg S ha-1 in the form of ammonium sulphate (VI);
S4 – 20 kg S ha-1 in the form of potassium sulphate (VI);
S5 – 40 kg S ha-1 in the form of potassium sulphate (VI);
S6 – 20 kg S ha-1 in the form of Wigor S fertiliser;
S7 – 40 kg S ha-1 in the form of Wigor S fertiliser.
Wigor S is a mineral fertiliser, containing 90% of elemental sulphur and 

10% of bentonite.
Cultivation treatments and fertilisation were made in accordance with 

the agrotechnical guidelines for potato. Uniform mineral fertilisation was 
applied before sowing. Nitrogen was sown at the dose of 100 kg N ha-1 in the 
form of ammonium nitrate (for the treatments with ammonium sulphate (VI) 
balanced with the rate of nitre, considering the nitrogen introduced with sul-
phate). Phosphorus (25 kg P ha-1) was sown in the form of triple superpho-
sphate and potassium (120 kg K ha-1) as 50% potassium salt, balancing the 
nutrient introduced into the treatments with potassium sulphate (VI). Prior 
to potato planting, FYM was applied at the dose of 30 t ha-1. 

For a more complete description of the weather conditions over the re-
search period, the values of the Selyaninov hydrothermal coefficient (tab. 1) 
were calculated: 

k = P/0.1Σt, 
where:
P – monthly precipitation sum (mm)
t – monthly daily air temperature sum >0°C.
In the region where the experiment was carried out precipitations are 

low (the annual average of about 450 mm) and demonstrated considerable 
variation in successive years, which has been reflected in the calculated 
values of the Selyaninov coefficient (Table 1). The highest temperature and 
the lowest precipitation were noted in the 2005 plant growing season. In all 
the months, except July, extremely dry or dry conditions were recorded. In 
2003 and 2004, the mean values of the Sielianinow coefficient for the entire 
potato-growing season were higher than the long-term mean, although they 
varied much in respective months of the plant growing period.
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After harvest, the following values were determined for the dry weight of 
potato tubers produced at the temperature of 105°C:

- the nitrogen content by the Kjeldahl method,
-  phosphorus – by the colorimetric method with the use of ammonium 

molybdate, on a type DR-2000 colorimeter,
- magnesium – by atomic absorption spectrometry (AAS),
-  calcium, potassium, sodium – by atomic emission spectrometry with the 

use of a flame photometer Flapho-4,
-  total sulphur using the ICP OES method (Inductively Coupled Plasma 

Optical Emission Spectrometry) method mineralization in a mixture of 
concentrated acids: HNO3 and HClO4 (Khan 2012).

The content of macroelements was expressed in gram equivalents and 
the following ratios were calculated: K+:Mg+2, K+:Ca+2, K+:(Ca+2+Mg+2) and 
(K++Na+):(Ca+2+Mg+2).

The results were statistically verified by the means of variance analysis 
in the split-plot design following the model compliant with the experimental 
design. To evaluate the significance of mean treatment differences the Tu-
key’s range test at the probability of P = 0.05 was applied.

results and discussion 

The research showed that potato tubers contained most potassium (an 
average of 19.8 g kg-1), slightly less nitrogen (13.0 g kg-1) and considerably 
less phosphorus (3.17 g kg-1), magnesium (1.71 g kg-1), sodium (1.54 g kg-1), 
total sulphur (1.26 g kg-1) and calcium (1.29 g kg-1) – Table 2. After sulphur 
application, analogously to the report by SKwierawSKa et al. (2008) from 
experiments on cabbage, onion and spring barley, a significant impact on the 
content of most of the macroelements in potato tubers was observed. As for 
nitrogen, sulphur and magnesium, after application of sulphur-containing 
fertilisers, generally there was a significant increase in their mean content 

Table 1
The Selyaninov hydrothermal coefficient values throughout the research period

Years
Months

Mean
May June July August September

2003 0.86 1.88 2.44 0.86 1.65 1.54
2004 2.29 0.64 1.33 0.94 1.82 1.40
2005 0.41 0.58 1.78 0.31 0.41 0.69
Mean  

1949-2005 1.01 1.15 1.26 0.95 0.97 1.07

K<0.4 – extremely dry conditions, 0.4<K<0.7 very dry, 0.7<K<1.0 dry,
1.0<K<1.3 quite dry, 1.3<K<1.6 optimal, 1.6<K<2.0 quite moist, 2.0<K<2.5 moist
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Table 2 
Content of macroelements in potato tubers (g kg-1)

Years

Control
Form of fertilizer

Mean LSD0,05

(NH4)2SO4 K2SO4 Wigor S
dose of sulphur (kg S ha-1)

0 20 40 20 40 20 40
K1 K2 K3 K4 K5 K6 K7

The content of nitrogen
2003 11.9 13.7 14.1 12.2 13.0 12.4 12.7 12.8 1.56
2004 12.0 11.1 12.5 12.2 12.7 12.2 11.7 12.0 0.67
2005 13.3 13.3 13.5 14.5 14.5 14.4 15.0 14.1 1.22
Mean 12.4 12.7 13.3 12.9 13.4 13.1 13.1 13.0 0.55

The content of phosphorus 
2003 3.23 3.33 3.53 3.50 3.27 3.40 3.40 3.38 0.21
2004 3.23 3.43 3.17 3.17 3.30 3.27 3.13 3.24 n.s.
2005 3.00 2.67 2.63 2.90 3.00 3.10 2.97 2.90 0.35
Mean 3.16 3.14 3.11 3.19 3.19 3.26 3.17 3.17 0.12

The content of potassium
2003 21.0 21.7 21.3 21.0 20.7 21.0 20.4 21.0 n.s.
2004 19.5 20.5 20.3 20.5 21.0 20.8 19.5 20.3 0.78
2005 18.4 17.3 17.3 18.2 18.6 18.5 18.2 18.1 1.05
Mean 19.7 19.8 19.6 19.9 20.1 20.1 19.4 19.8 0.71

The content of calcium
2003 1.46 1.65 1.50 1.41 1.05 1.20 1.01 1.25 0.52
2004 1.52 0.99 1.17 1.04 1.01 1.21 0.87 1.12 0.30
2005 1.90 1.43 1.37 1.33 1.40 1.40 1.40 1.46 0,39
Mean 1.63 1.36 1.35 1.26 1.15 1.27 1.09 1.29 0.19

The content of magnesium 
2003 1.43 2.02 1.49 1.66 1.86 1.62 1.75 1.69 0.236
2004 1.25 2.07 1.55 1.69 1.95 1.64 1.73 1.70 0.358
2005 1.56 2.02 1.64 1.74 1.97 1.62 1.75 1.76 0.320
Mean 1.41 2.03 1.56 1.70 1.92 1.63 1.74 1.71 0.058

The content of sodium 
2003 1.23 1.23 1.17 1.27 1.30 1.40 1.27 1.27 n.s.
2004 1.67 1.53 2.07 1.17 1.47 1.43 2.50 1.69 n.s.
2005 1.63 1.70 1.37 1.67 1.70 1.73 1.73 1.65 n.s.
Mean 1.51 1.49 1.53 1.37 1.49 1.52 1.83 1.54 n.s.

The content of total sulphur 
2003 0.83 1.31 1.28 1.14 1.19 1.18 1.36 1.19 0.078
2004 0.91 1.42 1.38 1.29 1.36 1.36 1.55 1.32 0.056
2005 0.90 1.40 1.37 1.23 1.30 1.30 1.47 1.28 0.064
Mean 0.88 1.38 1.34 1.22 1.28 1.28 1.46 1.26 0.062
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over the three years of research in comparison with the control sample (K1). 
Calcium was the only element on which sulphur had contrary impact. 

Nitrogen was that component in potato tubers whose content was si-
gnificantly modified by sulphur fertilisation. It is difficult, however, to state 
firmly which of the sulphur containing fertilises was most effective. The 
content of nitrogen in potato tubers was considerably affected by seasonal 
variations, thus it is difficult to define precisely, under field conditions, how 
significant the direct impact of sulphur was. In 2003, the significantly hi-
ghest nitrogen content was recorded following the application of ammonium 
sulphate (VI) (K2 and K3); in 2004, such an effect was induced by potassium 
sulphate (VI) (K5) and in 2005, it was caused by Wigor S (K7). A more advan-
tageous impact of elementary sulphur rather than the ionic one observed 
in the 2005 season (the third research year) was probably the result of the 
gradual release of the nutrient over time and a lower susceptibility to losses. 
That form requires biological oxidation and its impact depends on the activi-
ty of soil microorganisms (Thiobacillus sp.) (auLaKH 2003). 

In general, the dose of 40 kg S ha-1, as compared with that of 20 kg  
S ha-1, stimulated a higher nitrogen content in potato tubers, although the 
differences were not always significant. Many authors (McGratH, zHao 1996, 
Sud et al. 1996, inaL et al. 2003, Kaczor, BrodowSKa 2009, BarczaK 2010) 
confirmed the positive influence of sulphur application on the plant protein 
synthesis and thus the nitrogen content in the yields. 

The impact of sulphur fertilisation on the content of phosphorus and 
potassium in potato tubers was not unambiguous (Table 2). As for phospho-
rus, a significant increase in the content of that element, as compared with 
the control sample, was reported only in 2003 on plots K3 and K4; for potas-
sium, it appeared on all the plots, except for K7, in 2004. In 2005, after the 
application of ammonium sulphate (VI) at the doses of 20 and 40 kg S ha-1  
(K2 and K3), a significant decrease was observed in the content of phosphorus 
and potassium in tubers in comparison with the control sample. According 
to SawicKa and pSzczółKowSKi (2004), the ionic composition of potato is ge-
netically conditioned, despite being affected by high phenotypic variation 
depending on the impact of various environmental factors. Apart from fer- 
tilisation, another essential factor shaping the macroelements is the weath-
er, especially the precipitation and temperature pattern during the vege-
tation period. A sufficient water supply alleviates the unfavourable impact  
of high temperatures. The years of field experiments were characterised by 
high variations in weather conditions (Table 1). 

The elements whose content increased after the application of sulphur, 
in comparison with the control sample, were magnesium and sulphur.  
As for magnesium, by analogy to the results obtained by BrodowSKa, Kaczor 
(2009) for wheat and cocksfoot, a higher content of the element was recorded 
after the ionic rather than elemental form of sulphur. The sulphur content 
was more enhanced by the application of ammonium sulphate(VI) as well as 
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Wigor S than potassium sulphate(VI). Each research year, the tubers demon-
strated higher concentrations of these macroelements in response to 40 kg 
S ha-1 in the form of potassium sulphate(VI) as well as Wigor S rather than 
after the use of 20 kg S ha-1 of these fertilisers. Out of the two ammonium 
sulphate(VI) doses applied, the magnesium content in tubers was significant-
ly more favourably affected by 20 kg S ha-1. 

The average ratio of the content of nitrogen to sulphur (N:S) in potato 
tubers was 10.5:1 (Table 3). In all the plants fertilised with sulphur, in com-
parison with the control sample, its ratio was narrowed. This change was 
due to a higher increase in the content of sulphur rather than nitrogen in tu-

Table 3 
Expressed in gram equivalents ionic ratios of macroelements in potato tubers

Years

Control
Form of fertilizer

Mean LSD0.05

(NH4)2SO4 K2SO4 Wigor S
dose of sulphur (kg S ha-1)

0 20 40 20 40 20 40
K1 K2 K3 K4 K5 K6 K7

N:S
2003 14.3 10.5 11.0 10.7 10.9 10.5 9.3 11.0 1.86
2004 13.4 7.9 9.1 9.5 9.3 9.0 7.5 9.4 2.21
2005 14.8 9.5 9.9 11.8 11.2 11.1 10.2 11.0 3.20
Mean 14.2 9.6 10.0 10.7 10.5 10.2 9.0 10.5 0.69

K:Mg
2003 4.55 3.16 4.39 3.93 3.42 4.00 3.58 3.86 0.102
2004 5.04 2.87 4.04 3.76 3.32 3.91 3.47 3.77 0.218
2005 3.77 2.24 3.18 3.28 2.96 3.55 3.20 3.17 0.147
Mean 4.45 2.76 3.87 3.66 3.23 3.82 3.42 3.60 0.169

K:Ca
2003 7.37 6.73 7.30 7.61 10.12 9.02 10.35 8.36 0.83
2004 6.93 10.87 8.87 10.31 10.64 8.88 11.46 9.71 0.55
2005 5.09 6.25 6.36 7.09 6.98 6.95 7.14 6.55 n.s.
Mean 6.46 7.95 7.51 8.34 9.25 8.28 9.65 8.21 0.36

K:(Mg+Ca)
2003 2.80 2.22 2.74 2.58 2.56 2.76 2.66 2.62 0.055
2004 2.88 2.26 2.78 2.75 2.53 2.71 2.66 2.65 n.s.
2005 2.16 1.64 2.12 2.22 2.08 2.34 2.18 2.11 n.s.
Mean 2.61 2.04 2.55 2.52 2.39 2.60 2.47 2.46 0.147

(K+Na):(Mg+Ca)
2003 3.08 2.43 3.00 2.84 2.83 3.07 2.95 2.92 0.063
2004 3.29 2.54 3.26 3.03 2.83 3.03 3.24 3.03 n.s.
2005 2.48 1.92 2.41 2.59 2.40 2.71 2.53 2.43 n.s.
Mean 2.95 2.30 2.89 2.82 2.69 2.94 2.91 2.79 0.163
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bers after fertilisation. Many reports (janzen, Bettany 1984, McGratH, zHao 
1996, Kaczor, BrodowSKa 2009) point to a strong interaction between nitro-
gen and sulphur as the elements indispensable for the synthesis of sulphur 
amino acids used in protein synthesis. At the same time, the N:S ratio in the 
indicator plant parts facilitated the determination of the sulphur fertilisation 
requirements in plants (witHerS et al. 1995, BLaKe-KaLFF et al. 2003, Grant 
et al. 2003). As for potato, according to KLiKocKa (2004), a typical N:S value 
is about 12:1. Krzywy et al. (2002) found an optimal ratio between sulphur 
and nitrogen in plants grown for animal feed around 15-16:1.

There was a significantly negative effect of sulphur, both in the ionic and 
elemental form, on the content of calcium in potato tubers. The mean dif-
ferences between the sulphur non-fertilised plot (K1) and the fertilised ones 
were 16.6% (K2), 17.2% (K3), 22.7% (K4), 29.4% (K5), 22.1% (K6) and 33.1% 
(K7). The negative impact of sulphur fertilisers on the content of calcium in 
tubers was evident, especially in 2004 and 2005, when on all the plots fer-
tilised with sulphur there was a significant decrease in the content of that 
nutrient, in comparison with the control sample. A particularly high decrease 
in the content of calcium in tubers was the result of the application of 40 kg 
S a-1 of Wigor S containing the elemental form of sulphur (K7).

So far, sodium has been shown as an indispensable nutrient for just a 
few plant species. Its physiological role is less known than that of potassium; 
in literature there are some studies of the impact of sulphur fertilisation on 
its content in yields of crops. In the current study, there was no significant 
impact of sulphur fertilisers on the content of sodium in potato tubers. 

In general, the form of sulphur applied did not affect the content of 
macroelements and their ionic ratios. Sulphur in the elemental form does 
not dissolve in water; hence there is a lower risk of sulphur loss by leaching 
in light soils. On the other hand, it must undergo biological oxidation with 
participating Thiobacillus genus bacteria to sulphate form (VI), (available to 
plants), which makes sulphur in the elemental form act more slowly than in 
the ionic form. The process of that microbiological transformation depends on 
many factors, e.g. on the soil properties, particularly its biological activity, on 
the level of fertiliser sulphur fragmentation as well as on precipitation and 
temperature (auLaKH 2003). Their pattern in each growing season was differ-
ent (Table 1), which excluded any firm statement as to which sulphur forms 
had the strongest impact on the content of macro elements in potato tubers. 

Variations in weather conditions in respective research years caused 
bigger differences between the mean content of the nutrients in potato 
tubers in successive years than the differences due to fertiliser sulphur. 
Analogously to the report by KLiKocKa (2004), it was found that the content 
of macroelements in potato tubers was influenced more by the year-related 
hydrothermal conditions than by sulphur fertilisers. As for nitrogen, calcium 
and magnesium, the highest concentrations were noted in the driest year 
2005, when – in all the months of the plant growing season, except for July 
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– the precipitation was lower then the long-term mean. With that in mind, 
it seems that sulphur fertilisation effectiveness in the accumulation of those 
elements, nitrogen in particular, including protein nitrogen, is higher in 
years with lower precipitation than in those plant growing seasons when the 
rainfall conditions are similar to the long-term mean.

Although the content of macroelements in crop yields is generally well-
known, significantly less information is available on ratios between these 
nutrients, in particular, about the impact of sulphur fertilisation on their 
values. The ratios of macroelements determining the ionic equilibrium in 
potato tubers grown either for human consumption or animal feed can deter-
mine their nutritive value.

As a result of sulphur fertilisation, the values of K+:Mg+2, K+:(Ca+2+Mg+2) 
and (K++Na+):(Mg+2+Ca+2) ratios generally decreased in comparison with the 
control sample, whereas the value of the K+:Ca+2 ratio increased. These par-
ticular changes in quantitative ratios were caused by sulphur fertilisation, 
which in turn led to changes in the content of respective nutrients, especially 
magnesium and calcium, in potato tubers. 

The ionic equilibrium of a plant is one of the major factors determining 
the quality of crop yields because an excessive intake of specific cations or 
anions limits the concentration of other, frequently valuable macro- and mi-
croelements. Many authors claim that a high content of potassium decreases 
whereas that of calcium and magnesium enhances the nutritive value of 
the yields of plants grown either for animal feed or for human consumption 
(Krzywy et al. 2002). In practice, animal feed more often has an excess rather 
than a deficit of potassium. What is especially undesirable is an excessively 
wide quantitative ratio of univalent cations to divalent ones in animal feed 
for ruminants, which as a result of hypomagnesemia can lead to grass tetany 
in cattle. Thus, the reported changes in the values of K+:Mg+2, K+:(Ca+2+Mg+2) 
and (K++Na+):(Ca+2+Mg+2) are beneficial because they are caused by a signifi-
cant increase in the amount of magnesium in potato tubers owing to sulphur 
fertilisation. The calcium content plays an important role in maintaining the 
equilibrium between univalent and divalent ions, which – like magnesium - 
can show an antagonistic effect towards potassium. 

Drawing on the present research, it may be stated that sulphur fertilisa-
tion generally has a favourable influence on the content and the quantitative 
ratios of macro elements in potato tubers. However, developing final conclu-
sions is not easy due to lack of significance of the differences. 

conclusions 

1. It was found that sulphur fertilisation, irrespective of its form and 
dose, has generally increased the content of nitrogen, sulphur and magne-
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sium in potato tubers, decreasing the content of calcium in comparison with 
the control sample.

2. The application of 40 kg S∙ha-1 in the form of potassium sulphate(VI) 
as well as Wigor S in each of the research years stimulated a higher content 
of sulphur and magnesium in potato tubers than the rate of 20 kg S∙ha-1. 

3. The values of K+:Mg+2, K+:(Ca+2+Mg+2) and (K++Na+ ):(Ca+2+Mg+2) ratios 
in potato tubers following an application of sulphur generally decreased in 
comparison with the control sample, which is considered to be a positive ten-
dency for the nutritive value of tubers.
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Abstract

The effect of mineral (NPK) fertilization on the content of nitrogen fractions in timothy 
grass was assessed from the results of a three-year field experiment conducted at the Elizówka 
Experimental Farm near Lublin, on podzolic soil developed from loess. The experiment was 
included 27 fertilized treatments, i.e. nine nitrogen and potassium variants tested, each in four 
replications. against the background of three increasing phosphorus fertilization doses. Nitrogen 
was applied as ammonium nitrate at a dose of 120 kg N ha-1 (N1) and at two-fold (N2) and three
-fold (N3) higher doses. Phosphorus was applied in the form of granular triple superphosphate 
at a dose of 34.9 kg P ha-1 (P1) and at two-fold (P2) and three-fold (P3) higher doses. Potassium 
was used as potassium salt (47.3 %) at a dose of 83 kg K ha-1 (K1) and at two-fold (K2) and 
three-fold (K3) higher doses. After grass harvest, plant material was sampled and the content 
of total, protein, ammonium and nitrate nitrogen(V) was determined in duplicate. It was found 
that the content of the nitrogen fractions analysed in timothy grass, i.e. total, protein, mineral, 
ammonium and nitrate(V) nitrogen, was significantly positively correlated with the mineral 
fertilization, in particular, with nitrogen and phosphorus and, to a lesser extent, with potas-
sium. The mean share of protein nitrogen in total nitrogen was 53.8%; mineral, ammonium, and 
nitrate nitrogen fractions constituted 4.0, 2.5, and 1.5%, respectively. Timothy grass fertilized 
with increasing doses of nitrogen, phosphorus, and potassium fertilizers contained the largest 
share of protein nitrogen in total nitrogen, did not contain excessive amounts of nitrates(V) and 
proved to be valuable bulk feed.
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introduction

Mineral fertilization exerts a strong effect on the yield and quality of 
crop plants. Among essential nutrients (N, P, K), nitrogen fertilization plays 
the key role. It has an impact on the biomass growth and plant chemical 
composition (StuczyńSKi 1969, Koter, Krauze 1978, GąSior, KaniuczaK 1996, 
HaVStad, aaMLid 2006, BednareK 2011, aSHiKaGa et al. 2012). It also incre-
ases the content of this element in tissues and has an effect on its fractional 
composition (Koter, Krauze 1978, czuBa 1996, BednareK 2005, peLLetier  
et al. 2007, BednareK, reSzKa 2009). Higher N doses typically lead to incre-
ased levels of total nitrogen and reduced amounts of protein nitrogen; ad-
ditionally, there is a rise in the levels of mineral nitrogen, including nitrate 
nitrogen(V) (neSić et al. 2008). The chemical composition of plants depends 
on agrotechnical practice (fertilization) and natural factors (soil, climate) 
(BednareK et al. 2009). The content of nitrates in plants, particularly in fo-
rage crops, has an immediate effect on their quality (treMBLay et al. 2005, 
HaVStad, aaMLid 2006, peLLetier et al. 2007, aSHiKaGa et al. 2012). In some 
animal organisms, deleterious effects are exerted by nitrates(V) as well 
as their derivatives, i.e. nitrates(III). Some authors argue that if forage is 
the only source of food, the content of nitrates(V) contained therein should  
not exceed 0.7 - 1.5 g N-NO3 kg-1 d.w. Others claim that forage containing 
less than 3.5 - 4.5 g N-NO3 kg-1 d.w. can be given to animals without harm, 
whereas forage with a content of 4.5 - 5.5 g N-NO3 kg-1 d.w. sometimes cau-
ses poisoning, and animals should not be fed with forage containing > 6.5 g 
N-NO3 kg-1 d.w. (czuBa 1996, treMBLay et al. 2005). A major role in nitrogen 
uptake and metabolism in plants is played by an optimal supply of other 
nutrients, including phosphorus, potassium and magnesium (Koter 1968, 
MenGeL et al. 1976, Lee, rudGe 1986, czuBa 1996).

The aim of the study was to determine the effect of mineral (NPK) fer-
tilization on the content of nitrogen fractions in timothy grass cultivated on 
podzolic soil developed from loess. Particularly, we tested the following hypo-
thesis: the role of varied fertilization mineral doses of three major nutrients 
(N, P, K) on accumulation of total nitrogen, protein nitrogen, N-NO3, and 
N-NH4 in timothy grass. 

material and methods

The present study is based on results of a three-year field experiment 
conducted at the Elizówka Experimental Farm near Lublin (2003-2005) and 
established on podzolic soil developed from loess. Before the experiment, the 
soil contained 77.2 mg P kg-1, 187.0 mg K kg-1, 44.0 mg Mg kg-1, and 1.18% of 
humus, and the pHKCl was 4.9. The experiment was comrpised 27 fertilized 
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treatments, namely nine nitrogen-potassium combinations were tested aga-
inst the background of three increasing phosphorus fertilization doses, each 
in four replications. The plot area was 50 m2, of which 36 m2 were harvested. 
Nitrogen was applied as ammonium nitrate (34% N) at a dose of 120 kg  
N ha-1 (N1) and at two-fold (N2) and three-fold (N3) higher doses. Phospho-
rus was applied in the form of granular triple superphosphate (20.1% P) at 
a dose of 34.9 kg P ha-1 (P1) and at two-fold (P2) and three-fold (P3) higher  
doses. Potassium was used as potassium salt (47.3 %) at a dose of 83 kg  
K ha-1 (K1) and at two-fold (K2) and three-fold (K3) higher doses. The entire 
dose of phosphorus and half of the potassium dose were introduced into soil 
before sowing timothy grass var. Skrzeszowicka. In the second and third 
year, the fertilizers were applied after harvesting the third swath; the se-
cond dose of potassium was applied each year after the first swath. Nitrogen 
was added in three equal parts in early spring (immediately after the plant 
growth started) and after the first and second swath. Timothy grass mowed 
in the first swath was harvested in the third decade of May or the first de-
cade of June; the second harvest took place in the third decade of July and 
the third grass harvesting was done in the third decade of September or the 
first decade of October. After harvest, plant material (from three swaths and 
three years) was sampled and the following parameters were determined in 
duplicate: total nitrogen with the Kjeldahl method; protein nitrogen using 
the Kjeldahl method with trichloroacetic acid after water extraction and 
protein precipitation; ammonium nitrogen using the Nessler reagent method; 
and nitrate nitrogen(V) with the phenoldisulphide acid method and mineral 
nitrogen (N-NH4+N-NO3). The content of nitrogen fractions determined in 
timothy grass was estimated using the triple test cross analysis of variance 
with the Tukey’s confidence semi-interval (p < 0.05). 

results and discussion

Depending on the mineral fertilization applied, the content of total 
nitrogen in dry weight of timothy grass ranged from 19.1 to 28.1 g N kg-1 
(Table 1). The biggest and significant impact on levels of this nitrogen form 
was exerted by fertilization with the increasing doses of this nutrient. Its 
mean content was 19.8 at a single nitrogen dose (N1), 24.6 at a double dose 
(N2), and 27.5 g N kg-1d.w. at a triple dose (N3). In comparison with the sin-
gle dose, the double dose of ammonium nitrate increased the N content by 
24.2%, and the three-fold higher nitrogen dose resulted in a 38.9% increase 
in the N content. The mean content of nitrogen was 23.4 at the single dose 
(P1), 24.0 at the double dose (P2), and 24.5 g N kg-1 d.w. at the triple dose 
(P3) of phosphorus. The application of two-fold and three-fold higher doses of 
granular triple superphosphate increased the content of this nitrogen form 
by 2.6 % and 4.7%, respectively, in comparison with the single dose. Under 
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the effect of the increasing potassium doses, the total nitrogen content in ti-
mothy grass did not exhibit vector trends and reached 23.8 at a single potas-
sium dose (K1), 24.2 at a double potassium dose (K2), and 23.8 g N kg-1 d.w. 
at a triple potassium dose (K3). In comparison to the single dose, the relative 
increase in the content of this form of nitrogen at the double dose was just 
about 1.7%. A similar effect of mineral fertilization, in particular with nitro-
gen, was reported by GawęcKi and MiKołajczaK (1978), duBieL et aL. (1991) 
and czuBa (1996). BednareK (2005) found that among the three experimental 
factors (N, P, K), nitrogen and phosphorus fertilization had a significant 
effect on the content of this nitrogen form, which was over two-fold lower in 
roots of Dactylis glomerata than in sward. 

Depending on the form and dose of mineral fertilization, the content 
of protein nitrogen in timothy grass ranged from 10.7 (N1P1K1) to 15.3 g 
N kg-1 d.w. (N3P3K1) – Table 2. The application of single, double and triple 
N doses yielded 11.3, 12.9, and 14.4 g N kg-1 d.w. of this nitrogen fraction, 
respectively. The double nitrogen dose (relative to the single one) increased 
the content of protein nitrogen on average by ca 14.2%, while the triple dose 
increased this parameter by 27.4%. The increase was statistically significant. 

Table 1
Total nitrogen content in timothy grass (g N kg-1 d.w.)

Fertilization
P1 P2 P3  N 

AverageK1 K2 K3 K1 K2 K3 K1 K2 K3

N1
N2
N3

19.1
24.1
27.1

19.1
24.4
27.5

19.5
23.4
26.6

19.3
23.9
27.5

21.4
25.4
28.0

18.4
24.4
27.4

19.5
26.3
27.6

20.6
23.4
28.1

21.0
25.9
28.0

19.8
24.6
27.5

PK Average 23.4 23.7 23.2 23.6 24.9 23.4 24.5 24.0 25.0 24.0
P Average 23.4 24.0 24.5
K Average 23.8 24.2 23.8

 LSD≤0.05: N, P, K – 0.2; NK, PK – 0.6; NPK – 1.2

Table 2
Protein nitrogen content in timothy grass (g N kg-1 d.w.)

Fertilization
P1 P2 P3 N 

AverageK1 K2 K3 K1 K2 K3 K1 K2 K3

N1
N2
N3

10.7
12.6
13.7

11.2
13.2
15.0

12.1
12.8
14.4

11.9
13.0
14.7

11.8
13.1
13.7

11.4
13.1
14.5

11.4
13.3
15.3

10.6
12.4
14.2

10.7
12.5
14.0

11.3
12.9
14.4

PK Average 12.3 13.1 13.1 13.2 12.8 13.0 13.3 12.4 12.4 12.9
P Average 12.9 13.0 12.7
K Average 13.0 12.8 12.9

LSD≤0.05: N, P, K – 0.1; NP, NK, PK – 0.2; NPK – 0.6
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Phosphorus fertilization did not induce distinct changes in the content of 
this nitrogen fraction. After the application of a single dose of this nutrient, 
the mean content of protein nitrogen in the plant was 12.9 g N kg-1 d.w. 
The double and triple doses resulted in the protein nitrogen content of 13.0 
and 12.7 g N kg-1 d.w., respectively. The double phosphorus dose raised the 
content of this fraction just 0.78% compared to the single dose. Potassium 
fertilization did not result in considerable, directional changes in the protein 
nitrogen content. Plants fertilized with the single dose of the element conta-
ined 13.0 g N kg-1 d.w., whereas those receiving the double and triple doses 
had 12.8 and 12.9 g N kg-1 d.w., respectively. The protein nitrogen content in 
timothy grass was not significantly correlated with the increasing phospho-
rus and potassium doses, possibly indicating a high content of the available 
forms of these compounds in the soil. Krzywy et al. (1996) reported a steady 
increase ranging from 17.8 (N0) to 18.7 g N kg-1 d.w. (N3) in the protein nitro-
gen content induced by this nutrient (N) in meadow sward. Similar patterns 
were found by StuczyńSKi et al. (1970, 1971), StuczyńSKa (1973), and wiater 
(1996). Krzywy et al. (1996) reported that increasing doses of nitrogen caused 
a relatively steady increase in the content of protein nitrogen in grass, and 
potassium fertilization induced insignificant differences in that content. Bed-
nareK (2005) found that the content of this nitrogen fraction was associated 
with nitrogen and phosphorus fertilization and was 66% higher in sward 
than in roots. wiater (1996) reported a beneficial effect of fertilization with 
240 kg N ha-1 on the share of non-protein and protein nitrogen in pasture 
sward, and an increase of a dose up to 360 kg N ha-1 more substantially 
elevated the level of non-protein rather than protein nitrogen. This corre-
sponded with the results of Koter (1973), Koter and KrawczyK (1981). GąSior 
and KaniuczaK (1996) noted that the mean content of protein nitrogen in the 
first-swath hay was about 0.5% higher than that in hay harvested from the 
second regrowth. This was also reported by StuczyńSKi (1969). 

The content of ammonium nitrogen in timothy grass depended on the form 
and dose of mineral fertilization and ranged from 0.42 to 0.83 g N kg-1 d.w. 
(Table 3). The nitrogen fertilization resulted in a significant increase in the 

Table 3
Ammonium nitrogen content in timothy grass (g N kg-1 d.w.)

Fertilization
P1 P2 P3 N 

AverageK1 K2 K3 K1 K2 K3 K1 K2 K3

N1
N2
N3

0.48
0.52
0.54

0.43
0.56
0.60

0.42
0.54
0.58

0.48
0.62
0.79

0.49
0.69
0.83

0.64
0.66
0.72

0.53
0.73
0.80

0.48
0.55
0.60

0.54
0.60
0.63

0.50
0.61
0.68

PK Average 0.51 0.53 0.51 0.63 0.67 0.67 0.69 0.54 0.59 0.60
P Average 0.52 0.66 0.61
K Average 0.61 0.58 0.59

; LSD≤0.05: N, P, K – 0.01; NP, NK, PK – 0.03; NPK – 0.07
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content of this N fraction. The application of a single ammonium nitrate dose 
increased the average N-NH4 content to the level of 0.50 g N kg-1 d.w.; double 
and triple doses yielded an increase to 0.61 and 0.68 g N kg-1 d.w., respecti-
vely. Compared with the single dose, the double and triple doses produced a 
22% and 36% increase, respectively, in the content of this nitrogen fraction. 
Fertilization with the increasing phosphorus doses significantly increased 
the nitrogen fraction content in timothy grass. The single, double and triple 
phosphorus doses increased the nitrogen content to 0.52, 0.66, and 0.61 g N 
kg-1 d.w., respectively. In comparison with the single dose, double and triple 
doses yielded a 26.9 % and 17.3% increase in the element content, respecti-
vely. Potassium fertilization caused a slight but significant reduction in the 
N-NH4 content. Single, double, and triple doses of this nutrient yielded 0.61, 
0.58, and 0.59 g N kg-1 d.w. of protein nitrogen, respectively. Compared with 
the single dose, double and triple doses decreased the content by ca 4.9 and 
3.3%, respectively. BednareK (2005) reported that only nitrogen fertilization 
had a significant effect on the content of this N fraction in sward, which in 
aerial parts of Dactylis glomerata was 27% higher than in roots. Similar re-
gularities were noted by StuczyńSKi (1969) and GąSior and KaniuczaK (1996), 
who reported a slightly higher content of this nitrogen form in hay from 
swath II than from swath I. czuBa (1996) found that plants are considerably 
less tolerant to a high content of NH4

+ rather than to NO3
- ions, as toxicity 

symptoms appear in response to as littile as 0.2-0.4 g N-NH4 kg-1 d.w. Po-
tassium deficiency in plants fertilized intensively with nitrogen resulted in 
excessive accumulation of toxic amounts of amines and ammonium ions in 
tissues, which induced damage to aerial parts of plants, including plant de-
ath (czuBa 1996).

The content of nitrate nitrogen(V) in timothy grass ranged from 0.15 
to 0.83 g N kg-1 d.w., depending on a dose and form of mineral fertiliza-
tion (Table 4). Application of single, double, and triple ammonium nitrate 
doses yielded a content of 0.22, 0.29, and 0.56 g N kg-1 d.w., respectively. 
Compared with the single dose, the relative increase in this nitrogen form 
produced by the double and triple NH4NO3 doses reached 31.8 and as much 

Table 4
Nitrate nitrogen(V) content in timothy grass (g N kg-1 d.w.)

Fertilization
P1 P2 P3 N 

AverageK1 K2 K3 K1 K2 K3 K1 K2 K3

N1
N2
N3

0.16
0.18
0.39

0.16
0.19
0.27

0.15
0.22
0.54

0.23
0.39
0.64

0.48
0.31
0.76

0.23
0.26
0.68

0.23
0.36
0.66

0.18
0.37
0.48

0.20
0.29
0.65

0.22
0.29
0.56

PK Average 0.25 0.21 0.30 0.42 0.52 0.39 0.42 0.34 0.38 0.36
P Average 0.25 0.44 0.38
K Average 0.36 0.36 0.36

 LSD≤0.05: N, P, K – 0.05; NP, NK, PK – 0.09; NPK – 0.19
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as 154.5%, respectively. Fertilization with single, double, and triple doses of 
granular triple superphosphate yielded the N-NO3 content in timothy grass 
of 0.25, 0.44, and 0.38 g N kg-1 d.w., respectively. In comparison with the 
single dose, the increase resulting from the double and triple doses reached 
76 and 52%, respectively. Fertilization with the increasing doses of potas-
sium salt did not change significantly the content of this nitrogen fraction in 
plants. It remained on the same level of 0.36 g N kg-1 d.w., irrespective of a 
potassium dose applied. Krzywy et al. (1996) reported a significant increase 
from 0.62 (N0P0K0) to 1.43 g N kg-1 d.w. (N3P3K2) in this nitrogen fraction 
in sward. Similarly, duBieL et al. (1991) found that an increase in nitrogen 
fertilizer doses was accompanied by an increase in N-NO3, which exceeded 
the admissible level of 2.2 g N kg-1 d.w. in objects fertilized with 480 kg N 
ha-1. BednareK (2005) reported that nitrogen fertilization only (and potas-
sium fertilization in roots) exerted a significant effect on the content of this 
N fraction, exhibiting four-fold lower levels in Dactylis glomerata roots than 
in sward. Application of 80 kg N ha-1 swath-1 did not made the content of this 
N fraction exceed the critical threshold (15 g NO3 kg-1 d.w.), whereas after 
an application of 120 and 160 kg N ha-1 swath-1 (in total, 600 and 1120 kg 
N ha-1 year-1) the level of 15 g NO3 kg-1 d.w. was exceeded by 19 and 47% of 
samples, respectively (prinS 1983). Accumulation of nitrates in plants was 
associated not only with the nitrogen content in soil, but also with meteoro-
logical factors or with molybdenum, manganese, phosphorus, potassium, and 
magnesium fertilization (Koter 1968, czuBa 1996, BednareK, reSzKa 2009, 
BednareK et al. 2009). Phosphorus fertilization also enhanced the uptake of 
nitrate N from the environment, whereas elevated potassium fertilization lo-
wered the percentage of nitrates(V) and decreased their share in the total ni-
trogen absorbed by plants (Koter 1968). czuBa (1996) found that plants could 
contain up to 15 g N-NO3 kg-1 d.w., and a plant variety is to some extent im-
portant in nitrate accumulation. After application of 100 kg N ha-1, different 
varieties of Dactylis glomerata contained from 0.68 to 1.30, meadow fescue 
from 0.74 to 1.06, and winter ryegrass from 0.56 to 1.11 g N-NO3 kg-1 d.w. 

In general, application of increasing doses of nitrogen fertilizers caused 
a very distinct and, in many cases, significant elevation of nitrate(V) levels 
in sward (Koter 1968, StuczyńSKi et al. 1970, 1971, Koter 1973, StuczyńSKa 
1973, Koter, Krauze 1978, Koter, KrawczyK 1981, czuBa 1996, GąSior, Kaniu-
czaK 1996, Krzywy et al. 1996, wiater 1996).

The content of mineral nitrogen (the sum of ammonium nitrogen and 
nitrate nitrogen V) in timothy grass increased after nitrogen fertilization 
and reached 0.72 g N kg-1 d.w. (N1); 0.90 g N kg-1 d.w. (N2), and 1.24 g N kg-1 
d.w. (N3) – Table 5. The relative increase induced by the double and triple 
doses was 11.7 and 16.1%, respectively. The application of phosphorus also 
increased the content of this nitrogen fraction in plants: P1 – 0.77 g N kg-1 
d.w., P2 – 1.10 g N kg-1 d.w., and P3 – 0.99 g N kg-1 d.w. The relative increase 
was 14.3 (P2) and 12.9% (P3). The increasing potassium fertilization caused a 
slight decline in the mineral nitrogen content in timothy grass: K1 – 0.97 g N 
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kg-1 d.w., K2 – 0.94 g kg-1 d.w. (a 3.1% decrease in the content in comparison 
with K1) and K3 – 0.95 g N kg-1 d.w. (a 2,1% decrease in the content).

The percentage of protein nitrogen in total nitrogen declined from 57.1 
(N1) to 52.4% (N2 and N3) after nitrogen fertilization. Phosphorus fertilization 
also resulted in a slight decrease in the share of this N fraction: 55.1 (P1), 
54.2 (P2), and 51.8% (P3). Potassium fertilization had an irregular effect on 
the relative content of protein nitrogen: 54.6 (K1), 52.9 (K2), and 54.2% (K3). 
Nitrogen and phosphorus fertilization induced an increase while potassium 
fertilization did not change significantly the content of mineral nitrogen in 
timothy grass: 3.9 (N1), 3.7 (N2), 4.5% (N3); 3.3 (P1), 4.6 (P2), 4.0% (P3); 4.1 
(K1), 3.9 (K2), and 4.0% (K3). 

The percentage of ammonium nitrogen in total nitrogen was relatively 
even and did not depend on the form and dose of mineral fertilization. It 
reached 2.47-2.52% (nitrogen fertilization), 2.22-2.75% (phosphorus fertili-
zation), and 2.40-2.56% (potassium fertilization). Nitrogen and, to a lesser 
extent, phosphorus fertilization substantially increased the proportion of 
nitrate nitrogen(V) in total nitrogen: 1.11 (N1), 1.18 (N2), 2.04% (N3); 1.07 
(P1), 1.83 (P2), and 1.55% (P3). Potassium fertilization did not induce signi-
ficant changes in the proportion of this nitrogen fraction in total nitrogen: 
1.51 (K1), 1.49 (K2), and 1.51% (K3). Regardless of forms and doses of mineral 
fertilizers applied in the experiment, the average share of nitrogen fractions 
(protein, mineral, ammonium, and nitrate) in total nitrogen content in ti-
mothy grass was 53.8% (protein nitrogen), 4.0% (mineral nitrogen), 2.5% 
(ammonium nitrogen) and 1.5% (nitrate nitrogenV). The percentage of ni-
trate nitrogen V in mineral nitrogen was 37.5%. The content of the nitrogen 
fractions analysed indicates that timothy grass is a valuable bulk feed. 

Table 5
Sum of ammonium nitrogen and nitrate nitrogen(V) content in timothy grass (g N kg-1 d.w.)

Fertilization
P1 P2 P3 N 

AverageK1 K2 K3 K1 K2 K3 K1 K2 K3

N1
N2
N3

0.64
0.70
0.93

0.59
0.75
0.87

0.57
0.76
1.12

0.71
1.01
1.43

0.97
1.00
1.59

0.87
0.92
1.40

0.76
1.09
1.46

0.66
0.92
1.08

0.74
0.89
1.28

0.72
0.90
1.24

PK Average 0.76 0.74 0.81 1.05 1.19 1.06 1.11 0.88 0.97 0.96
P Average 0.77 1.10 0.99
K Average 0.97 0.94 0.95

LSD≤0.05: N, P, K – 0.06; NP, NK, PK – 0.13; NPK – 0.27



57

conclusions

1. The content of nitrogen fractions assessed in timothy grass, i.e. total, 
protein, mineral, ammonium, and nitrate(V) nitrogen was significantly positi-
vely correlated with mineral fertilization, mostly with nitrogen and phospho-
rus, and to a lesser extent with potassium.

2. The average percentage of protein nitrogen in total nitrogen was 53.8; 
the values for mineral,  ammonium, and  nitrate nitrogen were 4.0; 2.5, and 
1.5%, respectively.

3. Timothy grass fertilized with increasing doses of nitrogen, phospho-
rus and potassium contained the highest levels of protein nitrogen in total 
nitrogen, did not contain excessive amounts of nitrates(V) and proved to be 
valuable bulk feed.
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Abstract

In a model pot experiment, the influence of elevated levels of cadmium and lead in soils on 
rapeseed (Brassica napus L.) growth, development, biomass (g DM pot-1), cationic ratios (Cd2+:-
Ca2+, Cd2+:Mg2+, Pb2+:Ca2+, Pb2+:Mg2+) and tolerance index Ti, has been examined. The tested 
soils were: two organic soils (acidic and neutral) and a mineral one with pH differentiated into 
neutral and acidic. The metals were spiked into soils in doses of 10 mg Cd kg–1 DM and 100 mg 
Pb kg–1 DM of soil. Under the applied doses, the sensitivity of rapeseed to Cd was higher than 
to Pb. The application of Cd caused visible symptoms of chlorosis on plant leaves and a statisti-
cally significant (p < 0.01, p < 0.05) decrease in aerial biomass. The influence of Pb on B. napus 
biomass yield was not significant. The soil type and its reaction differentiated the biomass of 
plants in the following decreasing order: mineral neutral > organic neutral > mineral acidic > 
organic acidic. The Cd added to soil increased the Cd2+:Ca2+ and Cd2+:Mg2+ ionic ratios, while Pb 
caused an increase in Pb2+:Ca2+ and Pb2+:Mg2+ ratios compared to the control. The significantly 
higher values for the above ions ratios were recorded in rapeseed roots rather than in shoots. 
The results showed a crucial role of the soil type in determining the milimolar ionic relations 
in B. napus plants. The plant was more vulnerable to chemical composition changes in contam-
inated treatments comparing to control when grown on mineral soils (both acidic and neutral) 
than on organic ones. The high Ti value proves generally low sensitivity of B. napus to soil Cd 
and Pb contamination. 
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introduction

Atmospheric emissions caused by mining, smelting, coal combustion and 
other activities such as the chemical industry, contaminate soils by trans-
porting heavy metals like Cd, Pb, Cu, Ni, Zn and other pollutants in the air 
and subsequently depositing them on soils and the earth surface overgrown 
by plants (MedyńSKa-juraSzeK, KaBała 2012, adaMczyK-SzaBeLa 2013). Direct 
application of some fertilizers, sewage sludge, composted solid wastes or 
industrial residues additionally increases the load of metals in agricultural 
environment (doMańSKa 2006, MedyńSKa-juraSzeK, KaBała 2012, doMańSKa et 
al. 2013). Cadmium and lead are non-essential elements and can be phyto-
toxic to plants when present in soils in elevated amounts. Their uptake and 
toxicity to plants depend on many factors such as plant species or variety, 
chemical form (speciation of metal in the soil), pH, organic matter content 
and presence of other ions (daS et al. 1997, doMańSKa 2002, 2006, nouairi et 
al. 2006, doMańSKa et al. 2013, wySzKowSKa et al. 2013). However, the safe 
level of Cd or Pb concentration at plants can be harmful to humans and an-
imals. 

The advantages and possibilities of using plants from Brassicae species 
(B. juncea, B. campestris, B. napus) in phytoremediation and phytoextraction 
were reported by many authors (MarcHioL et al. 2004, GHoSH, SinGH 2005, 
GiSBert et al. 2006, GriSpen et al. 2006). Phytoextraction of heavy metals 
by B. napus also seems to be possible and promising (MarcHioL et al. 2004), 
especially on moderately contaminated soils (GriSpen et al. 2006). Phytore-
mediation studies often focus on understanding the mechanisms of plant tol-
erance to a particular metal and on important plant parameters like degree 
of accumulation of contaminants, plant growth rate, biomass production, etc. 
In this work, the toxicity of Cd or Pb to B. napus was examined on a basis of 
a pot experiment designed to determine if this plant is sufficiently tolerant to 
these metals, when grown on contaminated soils. The research was carried 
out on two types of organic soils and a mineral one, which differed in pH 
values. The growth, development and biomass of the tested plant, depend-
ing on soil type, pH and cadmium or lead addition, were determined. The 
experiment design also allowed us to evaluate the influence of soil type on 
B. napus chemical composition, when cultivated on Cd or Pb contaminated 
soil. This can indicate the usefulness of the plant for phytoremediation on 
particulate soil types or possibilities of cropping B. napus for other purposes 
on studied types of soils.
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material and methods

Soils
The research was based on analysis of plant and soil materials gained 

from a pot experiment performed on two organic soil types and a mineral one 
with different pH. Soil material was taken from the surface layer (0-20 cm). 
Organic peat-bog soil developed from short peat with neutral reaction (Fibric 
Histosols) (Taxonomy… 2011) was taken from arable lands near municipal 
and industrial purification plant in Hajdów near Lublin (Poland). Acidic soil 
(Dystri-Fibric Histosol - FAO – WRB 1998) developed from high peat was 
taken from the surroundings of Łukcze Lake in Lublin region. The mineral 
soil Haplic Podzols (Taxonomy… 2011), with the granulometric composition 
of light loamy sand was taken from agricultural areas of the Lubelskie re-
gion. Its neutral reaction was obtained by adding CaCO3 applied according 
to 2.0 hydrolytic acidity. The main properties of the soils, determined before 
the experiment, are listed in Table 1.

Pot experiment
The soil material was placed in pots of 5 dm3 volume. Pots contained 4.8 

kg of organic acidic soil, 5.5 kg of organic neutral soil and 6.4 kg of mineral 
soil. During the experiment, mineral soil humidity was adjusted to 60% of 
maximum water capacity and 80% in the case of organic soils by adding wa-
ter to the constant weight. Mineral fertilization in the form of mineral salts: 
NH4NO3 – 0.10 g N kg-1 soil, CaHPO4 – 0.07 g P kg-1 soil and KCl – 0.15 g K 
kg-1, was applied in all pots, dividing the NH4NO3 dose into two equal parts – 
before and after sowing. Cd and Pb as Cd(NO3)2 and Pb(NO3)2 were introdu-
ced once before sowing at doses: 10 mg Cd kg-1 and 100 mg Pb kg-1 dry mass 
(DM). The metals were applied into soils according to the following design:

0 – control treatment with no metal addition,
Pb = Pb(II) treatment – lead dose of 100 mg kg -1 DM,
Cd = Cd(II) treatment – cadmium dose of 10 mg kg -1 DM.

Table 1
Selected properties and concentrations of metals in soils used for experiment

Soil pHKCl
C org.

(%)

Available total Granulometric 
composition

P K Mg Pb Cd share (%) of fraction  
of diameter (mm)

(mg kg-1) 1-0.1 0.1-0.2 <0.02

Mineral
acidic 4.6

1.32 82 89 42 5.49 0.10 74 18 8
neutral 7.2

Organic
acidic 3.6 64.0 94 141 385 20.98 0.30 not determined

neutral 7.2 18.7 786 183 1662 16.65 0.43 not determined
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Spring rapeseed (Brassica napus ssp. oleifera L.) (20 seeds) was sown 
on 30 of April and plants were harvested at the flowering stage. During the 
growing period, the growth and development of plants were observed. After 
harvesting, underground biomass (roots) was rinsed with deionized water 
and aerial biomass (shoots) and roots were separated and weighed. The plant 
samples were oven-dried, after which DM of roots and shoots of B. napus 
was determined.

Chemical analyses
Collected soil samples were air-dried, crushed in porcelain mortar and 

sieved through 1 mm mesh. The following were determined in the prepared 
samples: granulometric composition (mineral soil) by means of the Cas-
sagrande’s areometric method with modifications by Prószyński, pH – po-
tentiometry in 1 M KCl (Polish Standard 1997), content of organic matter 
(Corg.) – the Tiurin’s method, content of available P and K using the Egner 
and Riehm’s method, and content of available Mg using the Schachtschabel’s 
method, all being standard methods used by Polish Agricultural Stations. 
The content of organic matter in organic soils was determined by annealing 
(BednareK et al. 2004). The total content of Cd and Pb in soils was analyzed 
after digesting the soil samples in a mixture of concentrated acids HCl and 
HNO3 in the ratio of 3:1 (aqua regia) (Polish Standard 2001, 2002). The to-
tal metal concentrations in the solution were determined by means of flame 
atomic absorption spectrometry (AAS). 

Concentrations of Ca and Mg in plants were determined using AAS after 
mineralization in concentrated H2SO4. Cadmium and lead determinations 
in plant samples were achieved by applying the AAS technique after plant 
material digestion in concentrated H2SO4 with H2O2 addition (oStrowSKa et 
al. 1991). 

Data analysis
 The experiment including 6 plots in four replicates on mineral soil, and 

6 plots in four replicates on organic soils was set up using the randomised 
block method. 

Data obtained from the experiments were statistically processed by 
means of variance analysis with Tukey confidence intervals. Differences were 
considered to be significant at p = 0.05 and highly significant at p = 0.01 
level of significance.

Molar ratios of Cd2+:Ca2+, Cd2+:Mg2+, Pb2+:Ca2+, Pb2+:Mg2+ were calculated 
for root and shoot in B. napus as well as the tolerance index (Ti) of B. napus 
to Cd and Pb, which specifies the degree of inhibition of plant growth in con-
taminated soil. Ti = biomass of plants on treated (Cd or Pb) soil (g DM pot–1)/
biomass of plants on untreated (0 - control) soil (g DM pot–1).
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results

Effects of cadmium and lead on growth of plants
The growth and development of plants in particular treatments varied. 

The poorest emergence and uneven germination were observed on mineral 
acidic soil. On the mineral soil, de-acidified in a dose equivalent to 2.0 Hh, 
and on the organic ones, the emergence of rapeseed plants was simulta-
neous. Initially, there was also no difference in the growth of plants in the 
variants with metals. As the plant grew, 1.5 months after sowing, plants in 
the treatments on the mineral neutral soil were the highest, most developed 
and all started the flowering phase at the same time. In the Cd treatments 
on mineral acidic soil, B. napus leaves had yellowing edges and the genera-
tive phase was delayed. In B. napus plants from treatments on organic soils, 
chlorosis on older leaves occurred. On acidic peaty soil, the B. napus leaves 
had slightly purple colour, which indicates P deficiency. Much lower sho-
ots grown on the organic acidic soil, when comparing with the other soils, 
suggest also the shortage of other elements. Lead did not affect the overall 
growth of the plant. The symptom of cadmium toxicity was the chlorosis of 
leaves.

Effects of cadmium and lead on biomass of plants
The experimental factors (type of soil, pH, Cd and Pb addition) significan-

tly influenced the rapeseed aerial (shoots) biomass (g DM pot-1) – Figure 1.  
Highly significant interactions between these factors were also recorded. 
Much higher average biomass of plants was obtained on mineral (16.1 g pot-1) 
than on organic (10.4 g pot-1) soils. There was also statistically significant 
higher shoot biomass obtained from neutral soils (17.0 g pot-1) than from aci-
dic ones (9.5 g pot-1). The soil type and pH significantly affected the changes 
of above sequence of obtained plant’s biomass as follows: mineral neutral > 
organic neutral > mineral acidic > organic acidic. 

In plants grown on mineral acidic soil, Cd caused a significant decrease 
(10.2 g pot-1) in rapeseed biomass, compared with the control (14.6 g pot-1), 
while on mineral neutral soil, there was a considerable increase in the plant 
biomass (20.7 g pot-1) under the influence of Pb, as compared to the control 
(18.6 g pot-1). With regard to the control, a significant DM decrease also occu-
rred in Cd and Pb treatments on neutral organic soil. 

Considering the mean values, a statistically significant fall of B. napus 
DM (12.4 g pot-1) in comparison with the control (13.5 g pot-1) was observed 
in the Cd treatment. 

The amount of underground (roots) DM was significantly dependent on 
the type of soil and its pH (Figure 2). More DM of roots was produced on mi-
neral (3.2 g pot-1) than on organic soil (2.4 g pot-1). On mineral neutral soil, 
the growth of rapeseed roots was better than on mineral acidic one, which 
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resulted in an almost 2-fold increase in biomass, as compared to the acidic 
soil. The metals did not influence remarkably the biomass of rape roots. 

Tolerance index (Ti)
The tolerance index Ti is fundamental to the evaluation of the plant’s 

sensitivity towards toxic metals (Table 2). The lowest Ti value (0.7) for ra-
peseed (shoots and roots) was recorded on mineral acidic soil contaminated 

LSD p = 0.05*;   p = 0.01** (a – soil, b – soil reaction, c – metal); a 0.45**, b 0.45**, c 0.67**,  
ab 0.85**, ac 1.16**, bc 1.16**

Fig. 1. Mean aerial biomass of Brassica napus (g DM pot–1) 
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with Cd. The index value Ti = 0.9 implicating a slightly reduced tolerance of 
plants was also reported for mineral soil in the Pb treatment and in treat-
ments with the addition of Cd (shoots) and Pb (roots) on neutral organic soil. 
In the remaining treatments, Ti ranged from 1.0 to 1.1. High Ti values for 
most of the contaminated treatments demonstrate high tolerance of rapeseed 
to cadmium and lead.

LSD p = 0.05*; p = 0.01**, a 0.25**, b 0.25**, ab 0.48**
Fig. 2. Mean underground biomass of Brassica napus (g DM pot–1)
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Cationic ratios
An effect of Cd and Pb soil contamination on the cationic ratios (Cd2+:Ca2+, 

Cd2+:Mg2+, Pb2+:Ca2+, Pb2+:Mg2+) in B. napus plants was observed (Table 3).  
The ratio values of Cd2+ to Ca2+ in analyzed plant shoots and roots varied 
from 0.01 to 13.41. The highest ratios were recorded in plants from Cd conta-
minated treatments on mineral soil, which were within the range from 1.34 
in plant shoots from neutral soil to 13.41 in plant roots from acidic soil. The 
Cd2+:Ca2+ ratios in plants from Cd-uncontaminated soils (both mineral and 
organic) did not exceed 0.08. The results indicate that in plants growing on 
organic soils, the Cd2+:Ca2+ ratio values were the same or much lower than in 
analogous treatments on mineral soil and even in treatments contaminated 
by Cd, in which it did not exceed 0.63. The ratio of Cd2+ to Ca2+ in plant roots 
was usually higher than in the aerial parts of plants. There was no effect of 
Pb addition on Cd2+:Ca2+ ratios in B. napus shoots comparing to the control 
treatments, but slight differentiation occurred in roots. 

Mg and Ca have many chemical similarities. Therefore, as in the case of 
Cd2+:Ca2+, the highest Cd2+:Mg2+ ratios were found in plants from Cd-contami-
nated treatments, especially on mineral acidic soil (16.64 – shoots and 21.43 
– roots).  The B. napus roots absorbed more Cd than shoots and showed the 
highest values of Cd2+:Mg2+. There was hardly any effect of Pb addition to 
soil on the Cd2+:Mg2+ ratio in B. napus, in comparison to the control.  

Table 2
Tolerance of Brassica napus to Cd and Pb in dependence on soil pH, metal addition  

and the content of organic matter

Object Ti*
Soil pH metal shoots roots

Mineral

acidic
0 1.0 1.0

Pb 0.9 0.9
Cd 0.7 0.7

neutral
0 1.0 1.0

Pb 1.1 1.0
Cd 1.0 1.0

Organic

acidic
0 1.0 1.0

Pb 1.1 1.0
Cd 1.1 1.1

neutral
0 1.0 1.0

Pb 1.0 0.9
Cd 0.9 1.1

* Ti = biomass of plants on treated (Cd or Pb) soil (g DM pot–1)/biomass of plants on untreated  
(0 - control) soil (g DM pot–1).
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The results show that the soil type played a crucial role in determining 
the milimolar ratios between ionic ratios of Pb2+:Ca2+ and Pb2+:Mg2+ in B. 
napus (Table 3). In plants from Pb treatments on organic soils, the Pb2+:Ca2+ 

and Pb2+:Mg2+ ratios were much lower than on mineral soil, and often close 
to the control value. In B. napus shoots from Cd contaminated organic soils, 
the Pb2+:Ca2+ and Pb2+:Mg2+ ratios were the same as in the control treatment. 

The concentration of Pb significantly affected the ionic relations in B. 
napus roots for all Pb-contaminated treatments. A particularly high increase 
in the Pb2+:Ca2+ and Pb2+:Mg2+ ratios occurred in B. napus roots from mineral 
acidic soil: 11.47 and 19.70, respectively (Table 3). The Cd added to neutral 
soils decreased the Pb2+:Ca2+ and Pb2+:Mg2+ ratios in B. napus roots, but when 
added to acidic soils, the heavy metal most often slightly increased these 
values as compared to the control. 

discussion

In recent years, a number of studies have examined the ability of Brassi-
ca species to take up heavy metals from contaminated soils, growth media or 
hydroponic culture (SaLt et al. 1995, GriSpen et al. 2006, MeyerS et al. 2008, 
SeLVaM, woon-cHunG 2009, qiu et al. 2011), and indicated the potential of 
plants in absorbing and translocating metals to the aerial parts (SeLVaM,  

Table 3
Relationship between shoot and root divalent cation ratios of Brassica napus in response  

to cadmium or lead contamination

Soil
Treatment Shoots Roots

pH metal Pb2+: 
Ca2+

Pb2+: 
Mg2+

Cd2+: 
Ca2+

Cd2+: 
Mg2+

Pb2+: 
Ca2+

Pb2+: 
Mg2+

Cd2+: 
Ca2+

Cd2+: 
Mg2+

Mineral

acidic
0 0.03 0.11 0.03 0.10 0.30 0.53 0.04 0.08

Pb 0.22 0.78 0.03 0.12 11.47 19.70 0.08 0.15
Cd 0.02 0.07 4.33 16.64 0.49 0.78 13.41 21.43

neutral

0 0.01 0.03 0.01 0.04 0.33 0.52 0.06 0.09
Pb 0.08 0.29 0.01 0.03 4.61 8.94 0.06 0.11
Cd 0.01 0.06 1.34 5.32 0.11 0.20 9.46 16.82

Organic

acidic
0 0.01 0.02 0.01 0.02 0.26 0.58 0.02 0.05

Pb 0.03 0.04 0.01 0.02 0.91 1.94 0.01 0.03
Cd 0.01 0.02 0.16 0.27 0.27 0.58 0.41 0.87

neutral
0 0.01 0.05 0.01 0.02 0.32 0.17 0.06 0.03

Pb 0.02 0.07 0.01 0.02 0.98 0.56 0.05 0.03
Cd 0.01 0.05 0.04 0.15 0.17 0.11 0.63 0.43
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woon-cHunG 2009). GaMBuś (1997) reported lower sensitivity of rapeseed 
than other plants to Cd, 15 mg Cu, 12 Ni, 90 mg Pb and 60 mg Zn, when 
applied jointly into the soil. 

The soil type and its pH seem to be basic factors in evaluating the 
usefulness of B. napus plant for phytoremediation purposes. In the present 
study, the soil type and pH significantly differentiated the biomass yield in 
the following decreasing order: mineral neutral > organic neutral > mineral 
acidic > organic acidic. This sequence proves high sensitivity of B. napus to 
soil acidity and shows the importance of soil type in controlling the plants 
growth. 

The soil pH is one of the most important factors affecting the metal mo-
bility and availability to plants. It was found that on mineral acidic soil (Cd 
treatment), the generative phase was delayed and leaves had yellowing ed-
ges. Chlorosis resulting from excess Cd can be due to iron deficiency caused 
by the interaction of the metals with foliar iron (daS et al. 1997). According 
to SeLVaM, woon-cHunG (2009), B. napus plants cultivated on fine loamy soil 
did not show any toxicity symptoms up to 50 mg Cd kg-1 DM. 

On acidic peaty soil, the B. napus leaves had slightly purple colour, 
which may indicate lower availability of P (P immobilization processes) for 
plants in the conditions of high activity of H+. P deficiency symptoms can be 
also a result of P and Cd interactions within the plant (daS et al. 1997). qiu 
et al. (2011) reported an important role of P in the Cd uptake and transloca-
tion via the processes involved in the bonding Cd to the cell wall fraction and 
forming the Cd-phosphate complexes.

The highest sensitivity of B. napus to soil Cd contamination resulting in 
biomass depletion was found in the treatment on acidic mineral soil. It was 
probably the result of nutrient imbalances caused by higher Cd uptake from 
acidic soil. As recorded by SeLVaM and woon-cHunG (2009), differences in B. 
napus shoots dry weights were significant only at 50 mg Cd kg-1 soil treat-
ment. The significant B. napus roots reduction was observed at 6 mg Cd kg-1 
soil treatment in B. napus – B. parachinensis co-cropping system. 

In the Pb treatment on mineral neutral soil, a statistically significant 
increase of biomass, when compared to the control, was recorded. At an 
elevated soil pH value, the solubility of Pb in soil decreases (doMańSKa 2006, 
Badora 2012) and limits the availability of the metal to plants. 

The usefulness of the tolerance coefficient (Ti) in an assessment of 
plants’ vulnerability to soil contamination with heavy metals was underlined 
by piKuła and Stępień (2007). In our studies, Ti was in the range of 0.7-1.1, 
which proves that B. napus was generally tolerant to applied doses of cad-
mium and lead. 

The results show that the soil type played a crucial role in determining 
the milimolar ratios between studied ions (Cd2+:Ca2+, Cd2+:Mg2+, Pb2+:Ca2+, 
Pb2+:Mg2+) in B. napus. The highest values were recorded for plants from the 
Cd treatments on mineral soil – (Cd2+:Mg2+) up to 21.42 in roots. 



69

A large increase in the Pb2+:Ca2+ and Pb2+:Mg2+ ratios occurred in B. na-
pus roots from mineral acidic soil. It was probably the result of higher Pb 
mobility in acidic soil. Badora (2012) reported a significant increase of Pb 
mobility observed at pH below 5. Significantly higher values of Cd2+:Ca2+, 
Cd2+:Mg2+, Pb2+:Ca2+, Pb2+:Mg2+ ratios were found in B. napus roots rather 
than in shoots. Most of Pb taken up by a plant accumulates in roots (GaM-
Buś 1997), hence roots are the first barrier to the Pb translocation to shoots. 
Those properties were also reflected in the Pb2+:Ca2+, Pb2+:Mg2+ ionic ratios in 
roots, which were higher by 1 or even 2 orders of magnitude than in shoots, 
respectively. Cadmium, as more mobile element than lead, was easily ab-
sorbed and translocated to shoots. B. napus was less susceptible to mineral 
composition changes when grown on contaminated organic soil rather than 
on mineral one. The research on Cd and Pb fractionation in organic soil pro-
ve that organic compounds may affect the binding Pb and Cd in organic frac-
tion (doMańSKa et al. 2013) and limit the metal uptake. The studied mmol 
ratios in B. napus plants from organic soils were low (below 0.30 in shoots) 
and according to obtained data, this obviously excludes this plant from Cd 
and Pb phytoextraction purposes, when cropping on that types of soils at 
given levels of Cd and Pb contamination. 

conclusions

1. The highest sensitivity of B. napus to soil Cd contamination (reduction 
of DM from shoots, poor growth and delayed generative development) was 
observed in the treatment on acidic mineral soil. 

2. On mineral soil under Cd and Pb stress, B. napus produces higher 
biomass than on organic soil, but its mineral composition (ionic ratios) di-
stinctly changes as compared to the control, while the chemical composition 
of plants from contaminated organic soils changed slightly. 

3. The high Ti values (except from mineral acidic soil) prove that B. na-
pus was generally tolerant to metals. 

4. The soil type played a crucial role in determining the milimolar ratios 
of the examined ratios of ions: Pb2+:Ca2+ and Pb2+:Mg2+ in B. napus. Large 
changes in the mineral composition were observed in plants from mineral 
soils: typically an increase in ratios, as compared to the control. In plants 
from organic soils, the changes were small. This indicates the protective role 
of soil organic substance on B. napus chemical composition and excludes the 
plant species from Cd, and Pb phytoextraction purposes on that type of soil.



70

references
adaMczyK-SzaBeLa d. 2013. Assessing heavy metal content in soils surrounding electroplating 

plants. Pol. J. Environ. Stud., 22 (4): 1247-1250.
BednareK r., dziadowiec H., poKojSKa u., pruSinKiewicz z. 2004. Ecological and soil research, 

PWN, Warszawa, pp 103-104. (in Polish)
Badora a. 2012. Influence of zeolites, humic acids, and selenates (VI) on lead and cadmium im-

mobilization and selected soil properties. Pol. J. Environ. Stud., 21(4): 813-820. 
daS p., SaMantaray S., rout G.r. 1997. Studies on cadmium toxicity in plants: a review. 

Environ. Pollut., 98: 29-36. 
doMańSKa j., FiLipeK t., Kwiecień M. 2013. Speciation of Cd and Pb in organic soil treated with 

municipal sewage. Soil Sci. Ann., 64 (4): 140-144. DOI: 10.2478/ssa-2013-0022
doMańSKa j. 2002. Content and uptake of Pb by plants in dependence on kind of soil, pH and Cd 

application. Ecol. Chem. Eng., 9(11): 1319-1324.
doMańSKa j. 2006. Changes of the content of total and extractable forms of lead in soil affected 

by organic matter and lime. Zesz. Probl. Post. Nauk Rol., 512: 91-97. (in Polish)
GaMBuś F. 1997. Heavy metal uptake by various agricultural crops. 1. Plant sensitivity to heavy 

metals. Acta Agr. Silv., Ser. Agr., 35: 21-29. (in Polish)
GHoSH M., SinGH S.p. 2005. A comparative study of cadmium phytoextraction by accumulator 

and weed species. Environ. Pollut., 133: 365-371. 
GiSBert c., cLeMente r., naVarro-aViñó j., BaixauLi c., Ginér a., Serrano r., waLKer d. j., 

BernaL M. p. 2006. Tolerance and accumulation of heavy metals by Brassicaceae species 
grown in contaminated soils from Mediterranean regions of Spain. Environ. Exp. Bot., 56: 
19-27.

GriSpen V.M.j, neLiSSen H.V.M.j., VerKLeij j.a.c. 2006. Phytoextraction with Brassica napus 
L.: A tool for sustainable management of heavy metal contaminated soils. Environ. Pollut., 
144: 77-83. DOI: org/10.1016/j.envpol.2006.01.007

MarcHioL L., aSSoLari S., Sacco p., zerBi G. 2004. Phytoextraction of heavy metals by canola 
(Brassica napus) and radish (Raphanus sativus) grown on multicontaminated soil. Envi-
ron. Pollut., 132: 21-27.

MedyńSKa-juraSzeK a., KaBała c. 2012. Heavy metal pollution of forest soils affected by the cop-
per industry. J. Elem., 17(3): 441-451. DOI: 10.5601/jelem.2012.17.3.07

MeyerS d. e.r., aucHterLonie G. j., weBB r. i., wood B. 2008. Uptake and localisation of lead 
in the root system of Brassica juncea. Environ. Pollut., 153: 323-332. 

nouairi i., aMMar i.w.B., youSSeF n.B., daoud d.B.M., GHorBaL M.H., zarrouK M. 2006. Com-
parative study of cadmium effects on membrane lipid composition of Brassica juncea and 
Brassica napus leaves. Plant Sci., 170: 511-519.

oStrowSKa a., GawLińSKi S., SzczuBiałKa z. 1991. Methods for analysis and evaluation of soil 
and plant properties. IOŚ, Warszawa, 225-226. (in Polish) 

piKuła d., Stępień w. 2007. The tolerance coefficients (Ti) as an criterion of crop vulnerability 
on soil contamination with heavy metals. Fragm. Agronom., 24, 2 (94): 238-244. (in Polish)

Polish Standard, Polish Standardization Committee. pn-iSo-11047, 2001, and pn-iSo-11466, 
2002. Soil quality. Determination of Cd, Cr, Co, Cu, Pb, Mn, Ni and Zn in aqua regia 
extracts of soil. (in Polish)

Polish Standard, Polish Standardization Committee. pn-iSo-10390, 1997, Soil quality and pH 
determination. (in Polish)

qiu q., wanG y., yanG z., yuan j. 2011. Effects of phosphorus supplied in soil on subcellular 
distribution and chemical forms of Cd in two Chinese flowering cabbage (Brassica para-
chinensis L.) cultivars differing in Cd accumulation. Food Chem. Toxicol., 49: 2260-2267. 
DOI: 10.1016/j.fct.2011.06.024



71

SaLt d.e., prince r.c., picKerinG L. j., raSKin L. 1995. Mechanisms of cadmium mobility and 
accumulation in Indian mustard. Plant Physiol., 109: 1427-1433. 

SeLVaM a., woon-cHunG j. 2009. Cadmium uptake potential of Brassica napus cocropped with 
Brassica parachinensis and Zea mays. J. Hazard. Mater., 167: 170-178. DOI: 10.1016/j.
jhazmat.2008.12.103

Taxonomy of Polish Soils. 2011. 5th ed. Soil Sci. Ann., 62 (3): 1-193. (in Polish)
wySzKowSKa j., BorowiK a., KucHarSKi M., KucHarSKi j. 2013. Effect of cadmium, copper 

and zinc on plants, soil microorganisms and soil enzymes. J. Elem., 18(4): 769-796, DOI: 
10.5601/jelem.2013.18.4.455  





J. Elem. s. 73–81 DOI: 10.5601/jelem.2014.19.4.565

influence of growth conditions 
and grafting on the yield,  

chemical comPosition  
and sensory quality of tomato 

fruit in greenhouse cultivation

*Janina Gajc-Wolska, Katarzyna Kowalczyk,  
Monika Marcinkowska, Jadwiga radzanowska,  

Dawid Bujalski
Chair of Vegetable and Medicinal Plants  

Warsaw University of Life Sciences – SGGW

Abstract

The most popular and efficient growing medium in the soilless crop cultivation consists of 
rockwool slabs. Nowadays, researchers strive to develop other, more environmentally friendly 
growing media in horticultural practice. The aim of this work was to assess the effect of growth 
media and grafting on the yield and fruit quality of tomato in greenhouse cultivation. The to-
mato cultivar Admiro F1 was used in the study. Half of the plants were grafted on the rootstock 
Maxifort. Tomatoes were cultivated on organic medium coconut fiber slabs and on rockwool 
slabs, the latter commonly used as the standard growing medium for tomato. Total yield and 
distribution of fruit weight classes in the total yield were investigated. The chemical quality 
attributes of tomato fruit, vitamin C, total soluble solids, titratable acidity, total sugars, dry 
matter, nitrates, phosphorus, potassium and calcium were determined. The total yield of tomato 
fruits was higher from plants cultivated on rockwool slabs than on coconut fiber slabs, which 
showed that at present rockwool is a better substrate for tomato cultivated all year round. The 
fruit weight distribution depended on the substrate used. Plants cultivated on rockwool slabs 
were characterized by higher fruit weight while those cultivated on coconut fiber slabs showed 
a tendency to grow smaller. There were no significant differences in the distribution of weights 
between fruits obtained from grafted and non-grafted plants. The chemical composition and 
sensory quality were mainly affected by the fruit harvest date and, to a lesser degree, by the 
substratum used and grafting.    
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introduction

Tomato is one of the most important horticultural crops in the world 
(FLoreS et al. 2010). The cultivated area worldwide has increased by about 
23% during the last 10 years and greenhouse cultivation has become eco-
nomically important (He et al. 2007, FAO 2009).  The most popular and 
efficient growing medium in the soilless crop cultivation consists of rockwool 
slabs. Nowadays, researchers strive to develop other, more environmentally 
friendly growing media in horticultural practice New, organic substrates 
have been introduced in hydroponic culture in order to substitute peat, 
which is a non-renewable resource, and use less rockwool or perlite due to 
their problematic recycling (doMeno et al. 2009, jaroSz et al. 2011).

During the past, the primary objective of horticulture was to increase the 
yield and productivity. However, high quality is even more important than to-
tal yield for attaining competitiveness in modern horticulture, arising from the 
beneficial role of vegetables in human diet. New investigations have created a 
chance to improve fruit quality based on an accurate genotype selection, optimi-
zation of environmental conditions and agricultural practices such as water ma-
nagement, fertilization strategies, growth system, harvesting stage and grafting 
(MicHałoić, BuczKowSKa 2009, jadczaK et al. 2010, roupHaeL et al. 2010, Bucz-
KowSKa, MicHałoić 2012, MajKowSKa-GadoMSKa, wróBLewSKa-wierzBicKa 2013). 
In the past, grafting was used in vegetable crops to limit the effects of soil pa-
thogens (Lee 1994). According to recent studies, grafting is a useful technique 
to enhance nutrient uptake, increase yields, avoid diseases and improve stress 
tolerance because of the vigorous root system of the rootstocks ( Santa-cruz et 
al. 2002, cHen et al. 2003,  BLetSoS 2006, aHMedi et al. 2007, eriSMann et al. 
2008, Martinez-rodriGuez et al. 2008, joHKan et al. 2009).

The aim of this work was to estimate the effect of growth media and 
grafting on the yield and fruit quality of tomato in greenhouse cultivation.

material and methods  

In 2010 and 2011, an experiment the tomato cultivar Admiro F1 on was 
carried out at a Warsaw University of Life Sciences greenhouse with contro-
lled microclimate. Half of the plants were grafted on the rootstock Maxifort. 
Tomato seeds were germinated in rockwool plugs. Grafting of one batch 
of plants was performed when seedlings developed 1 – 2 leaves, using the 
standard procedure in horticultural practice. After the graft was established, 
grafted and non-grafted seedlings were transferred to rockwool pots. When 
the first truss was visible, plants were transplanted on two different types 
of growing medium slabs. Tomatoes were cultivated on organic medium 
coconut fiber slabs (manufactured by Ceres Intern.), and rockwool slabs 
(Grodan BV), commonly used as the standard growing medium for tomato. 
Slab dimensions in all the cases were 100 x 15 x 7.5 cm (length x width x  
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height). Plants were trained on a single stem up a string according to the 
high wire system for a long extended growing cycle with a mean density 
of 2.7 plants m-2 in the whole greenhouse. Tomatoes were fertigated by a 
computer controlled drip-irrigation system and fertilized with similar doses 
of macro- and micronutrients, according to the levels recommended for to-
mato. The amount of the nutrient supply ranged from 0.07 to 0.2 dm3 per 
plant and was adjusted to the plant growth phase, light conditions as well 
as growing medium. Nutrient concentration in the solution, EC (electro-con-
ductivity) and pH were continuously controlled and kept at uniform levels for 
all experimental objects. The concentration of nutrients (in mg.dm-3) was as 
follows: N-NO3 – 210, P – 60, K – 340, Mg – 50, Ca – 200, Fe – 2, Mn – 0.6, 
B – 0.3, Cu – 0.15, Zn – 0.3, Mo – 0.05. The experiment was established in a 
random design, in three replicates, with 8 plants in each.

At harvest, fruits were collected to determine their yield and quality. Total 
yield and fruit structure in the total yield were investigated. Fruits for quality 
evaluation were harvested at the full coloured maturity stage on two different 
harvest dates: the end of June and the end of September. At each harvest time, 
40 fruits were collected from each combination. One batch was examined for 
the content of vitamin C (ascorbic acid) using the Tillmans’ method, based on 
2.6-dichlorophenol-indophenol reduction; the total soluble solids (TSS) content 
was determined with a digital refractometer, the titratable acidity (TA) was 
measured with the potentiometric method according to the Polish Norm PN-90 
A-75 101/04 and total sugars were analysed according to the Luff-Schoorl me-
thod. Dry matter was determined by drying fruit samples until stable weight 
in an oven at 105oC. The content of nitrates (NO3) was determined spectropho-
tometrically, with the Fiastar device (Tecator, Sweden), using the wavelength 
of 440 nm; the content of P was assayed with the colorimetric test, while the 
concentrations of of K and Ca were determined with the flame method. 

Sensory analysis was carried out using the profile method (QDA). This 
was achieved by a team of 20 trained panelists in two duplicates. The follo-
wing attributes were evaluated: tomato odour, strange odour, skin hardness, 
flesh hardness, flesh juiciness, tomato flavour, taste (sweet, sour, strange) and 
overall quality. Each panelist marked his evaluation of the investigated sam-
ple on a scale – a segment of a straight line with border marks. The marked 
notes were converted to numerical values in the stipulated units from 0 to 10.

Statistical analysis was performed using three-way analysis of variance 
(Anova). Detailed comparison of means was done using the Tukey’s test at 
the significance level of α = 0.05. 

results and discussion 

The results reveal that years of cultivation and the applied growing 
media significantly affected the yield and fruit weight distribution in tomato 
cultivation. A higher yield was characteristic for plants cultivated in 2011 as 
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compared to 2010. Also, plants grown on rockwool slabs yielded higher than 
on coconut fiber slabs. On the other hand, no significant differences were ob-
served in the yield of tomato from grafted and non-grafted plants (Table 1). 
In 2011, a higher yield was obtained in Class A (weight 48-93 g) and Class 
B (weight 93-144 g), but in 2010 more fruits belonged to Class BB (weight  
144-245 g). The yield of the biggest fruit of the Class BBB (246-484 g) was 
on the same level in both years of cultivation. The investigated substrate 
also significantly affected the fruit weight. Tomato plants growing on rock- 
wool slabs produced a bigger yield of fruits in Classes BB and BBB, which 

were characterized by bigger weight, while plants cultivated on coconut fiber 
slabs produced a bigger yield of fruits in Classes A and B, with the smaller 
weight of a single fruit. These results may suggest that plants growing on 
coconut fiber slabs have tendency of producing smaller fruits in contrast to 
plants cultivated on rockwool slabs. Grafted and non-grafted plants were 
characterized by a similar fruit weight distribution, except fruits with the 
smallest weight (Class A), where yield was significantly higher from non-
grafted than from grafted plants ones, which shows that grafted plants pro-
duced fewer small fruits than non-grafted plants (Table 1). Similar results 
were obtained by paSSiM et al. (2005) and poGonyL et al. (2005), who showed 
that grafted tomato and eggplant plants yielded bigger fruits than their non-
grafted counterparts. 

The results of the current investigations concerning fruit chemical com-
position showed the harvest date had a stronger effect on the fruit quality 
than to the substrate used for cultivation and grafting. Fruits from plants 
cultivated on coconut fiber were characterized by a significantly higher 
content of vitamin C, while a higher phosphorus content was observed in 
fruits from the cultivation on rockwool slabs. The content of the remaining 
chemical compounds in tomato fruit was at a similar level irrespective of the 
substrate (Table 2). Chemical composition of fruits obtained from grafted and 

Table 1
The yielding  of tomato in relation to cultivation and growing factors

Factor Total yield 
(dt ha-1)

Structure of fruit in total yield (dt ha-1)
A B BB BBB

Year of cultivation
2010 33.08 b* 2.21 b 13.59 b 15.79 a 1.56 a
2011 37.79 a 4.12 a 17.42 a 12.42 b 1.60 a

Substrates
rockwool 36.51 a 2.62 b 15.01 b 15.17 a 2.14 a
coconut fiber 34.37 b 3.71 a 15.91 a 13.07 b 1.03 b

Seedlings production
non grafting 35.22 a 3.39 a 15.59 a 13.73 a 1.52 a
grafting 35.65 a 2.94 b 15.34 a 14.48 a 1.65 a

BBB – fruit weight: 246-484 g, BB – fruit weight: 144-245 g, B – fruit weight: 93-144 g, A – fruit 
weight: 48-93 g
* Means separated at 5% level; same letters assigned to homogenous groups (the Tukey’s test), 
within combination of fruit class and separately: year, growing medium, seedlings production.
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non grafted plants was on a similar level except the total sugars content;  
a higher sugars content was observed in fruits from non grafted plants  
(Table 2). Fruits picked in June were characterized by a higher content of 
total sugars, phosphorus, potassium and calcium and a higher total sugars to 
titratable acidity (TS/TA) while fruits picked in September showed a higher 
content of total soluble solids, nitrates and vitamin C. Seasonal variations 
in vitamin C content directly correlated with temperature variations were 
observed in greenhouse-grown tomatoes (Liptay at al. 1986). Also, several 
reports demonstrated that fruit increase their ascorbic acid levels in respon-
se to light (daVey et al. 2000, duMaS et. al. 2003). On the other hand, raFFo 
et al. (2006) reported no correlation between the antioxidant content and 
mean solar radiation or average temperature. Furthermore, Hernández et al. 
(2008) maintained that the sampling period is a more influential factor than 
a cultivar or cultivation methods in the differentiation chemical characteri-
stics of tomato samples. In our study, the remaining chemical compounds 
were at a similar level irrespective of the harvest date (Table 2).   

The results of the profile assessment of tomato fruits are shown in Figure 
1 as ‘a quality map’, in the space created by the first two main components PC 1 

Fig. 1. PCA projection of similarities differences  
and of sensory quality of fruit tomato (2010-2011).  
The factors of cultivation (points marks numbers):   

rw. 1 – rockwool first term of harvest, rw. 2 – rockwool 
second term of harvest, coc. 1 – coconut fiber first term  
of harvest, coc. 2 – coconut fiber second term of harvest, 

no-graft. 1 – non-grafted plants first term of harvest,  
no-graft. 2 – non-grafted plants second term of harvest, 

graft. 1 – grafted plants first term of harvest graft.  
2 – grafted plants second term of harvest.  

Attributes evaluated (vectors  marks numbers): v1-tomato 
smell, v2-strange smell, v3-tough skin, v4-flesh texture, 

v5-juiciness of flesh, v6- tomato taste, v7-sour taste,  
v8 –sweet taste, v9 – strange taste, v10 – overall quality
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and PC 2, which show  66.41% of the variability in the analysed cultivar’s 
sensory quality. The position of analyzed samples of fruits from different 
combinations on the chart proves their variability in regard to the analysed 
taste, smell and texture attributes. High notes of tomato flavour and taste 
were given to fruits from the cultivation on coconut fiber slabs and picked 
in September and fruits from grafted plants picked in June. Fruits obtained 
from plants cultivated on rockwool slabs picked at both harvest dates were 
given high notes for sour taste. High marks for skin firmness and sweet 
taste were obtained by fruits which were picked in September from grafted 
plants. Fruits from non-grafted plants picked in June had high notes for fle-
sh firmness and foreign taste, traits which are responsible for a lower quality 
of tomato fruits. The highest notes for the total quality assessment and flesh 
juiciness were scored by fruits from plants cultivated on coconut fiber slabs 
which were picked in June and fruits from non-grafted plants harvested in 
September. This chart shows that the positive and negative attributes mostly 
depended on the harvest time and, to a lesser degree, on the growing media 
and grafting (MatSuzone et al. 1996, di Gioia et al. 2010).

conclusion

The total yield of tomato fruits was higher from plants cultivated on 
rockwool slabs than on coconut fiber slabs, which showed that at present 
rockwool is a a better substrate for tomato cultivated all year round. 

The fruit weight distribution was affected by the substrate. Plants cul-
tivated on rockwool slabs were characterized by a higher fruit weight while 
those cultivated on coconut fiber slabs showed a tendency for growing smaler 
fruit. There were no significant differences in the fruit weight distributions 
between grafted and non-grafted plants. 

The chemical composition and sensory quality were mainly affected by 
the fruit harvest date and, to a lesser degree, by the substratum that was 
used and by grafting.

references
aHMedi w., nawaz M.a., iqBaL M.a., KHan M.M. 2007. Effect of different rootstocks on plant 

nutrient status and yield in Kinnow mandarin (Citrus reticulata Blanco). Pak. J. Bot. 39(5): 
1779-1786.

BLetSoS F.a. 2006. Grafting and calcium cyanamide as alternatives to methyl bromide for green-
house eggplant production. Sci. Hort., 107: 325-331. DOI:10.1016/j.scienta.2005.09.003          

BuczKowSKa H., MicHałoić Z. 2012. Comparison of qualitative traits, biological value, chemical 
compounds of sweet pepper fruit. J. Elem. 17(3): 367-377. DOI: 105601/jelem.2012.17.3.01

cHen G., Fu x., LipS S.H., SaGi M. 2003. Control of plant growth resides in the shoot, and  
not in the root, in reciprocal grafts of flacca and wild-type tomato (Lycopersicon esculen-
tum), in the presence and absence of salinity stress. Plant Soil, 256: 205-215.



80

daVey M.w., Van MontaGu M., inzé d., SanMartin M., KaneLLiS a., SMirnoFF n., Benzie i.j.j., 
Strain j.j., FaVeLL d., FLetcHer j. 2000. Plant L-ascorbic acid: chemistry, function, metabo-
lism, bioavailability and effects of processing. J. Sci. Food Agric., 80: 825-860. DOI:10.1002/
(SICI)1097-0010(20000515)

di Gioia F., Serio F., Buttaro d., ayaLa o., SantaMaria p. 2010. Influence of rootstock on vege-
tative growth, fruit yield and quality in ‘Cuore di Bue’, an heirloom tomato.  J. Hortic. Sci. 
Biotech. 85 (6): 47-482.

doMeno i., iriGoyen n., Muro j. 2009. Evolution of organic matter and drainages in wood fiber 
and coconut fiber substrates. Sci. Hort., 122: 269-274. DOI:10.1016/j.scienta.2009.05.006

duMaS y., dadoMo M., di Lucca G., GroLier p. 2003. Effects of environmental factors and agri- 
cultural techniques on antioxidant content of tomatoes. J. Sci. Food Agric., 83: 369-382. 
DOI: 10.1002/jsfa.1370

FAO. 2009. Area harvested data of tomato in China.
eriSMann n.d., MacHado e.c., tucci M.L.S. 2008. Photosynthetic limitation by CO2 diffusion 

in drought stressed orange leaves on three rootstocks, Photosynth. Res., 96: 163-172. DOI: 
10.1007/s11120-008-9297-y

FLoreS F.B., SancHez-BeL p., eStan M.t., Martinez-rodriGez M.M., Moyano  e., MoraLeS B., 
caMpoS j.F., Garcia-aBeLLan o.o., eGea M.i., Fernandez-Garcia n., roMojaro F., BoLarin 
M.c. 2010. The effectiveness of grafting to improve tomato fruit quality. Sci. Hort., 125:  
211-217. DOI:10.1016/j.scienta.2010.03.026

He F.F., cHen q., jianG r.F., cHen x.p., zHanG F.S. 2007. Yield and nitrogen balance of green-
house tomato (Lycopersicon esculentum Mill.), with conventional and site-specific nitrogen 
management in northern China.  Nutr. Cycl. Agroecosyst., 77: 1-14. 

Hernández Suárez M., rodríGuez rodríGuez e., díaz roMero c. 2008. Chemical composition  
of tomato (Lycopersicon esculentum) from tenerife, the Canary Islands. Food Chem. 106: 
1046-1056. DOI:10.1016/j.foodchem.2007.07.025

jadczaK d., GrzeSzczuK M., KoSecKa D. 2010. Quality characteristics and content of mineral 
compounds in fruit of some cultivars of sweet pepper (Capsicum annuum L.). J. Elem., 
15(3): 509-515. DOI: 10.5601/jelem.2010.15.3.509-515

jaroSz z., dzida K., MicHałojć z. 2011. Changes in the chemical composition of the rhizosphere 
of tomato grown on inert substrates in a prolonged cycle. J. Elem., 16(3): 387-396. DOI: 
10.5601/jelem.2011.16.3.04

joHKan M., MituKuri K., yaMaSaKi S., Mori G., oda M. 2009. Causes of defoliation and low sur-
vival rate of grafted sweet pepper plants. Sci. Hort., 119: 103-107.

Lee j.M. 1994. Cultivation of grafted vegetables: current status, grafting methods and benefits. 
Hort. Sci., 29: 235-239. DOI:10.1016/j.scienta.2008.07.015

Liptay a., papadopuLoS a.p., Bryan H.H., GuLL d. 1986. Ascorbic acid levels in tomato (Lycoper-
sicon esculentum Mill) at low temperatures. Agr.  Biol. Chem., 50: 3185-3187.

MajKowSKa-GadoMSKa j., wróBLewSKa-wierzBicKa B. 2013. Effect of the biostimulator Asahi SL 
on the mineral content of eggplants (Solanum melongenum L.) grown in an unheated plastic 
tunnel. J. Elem., 18(2): 269-276). DOI: 105601/jelem.2013.18.2.06

Martinez-rodriGuez M.M., eStan M.t., Moyano e., Garcia-aBeLLan j.o., FLoreS F.B., caMpoS 
j.F., aL-azzawi M.j., FLowerS t.j., BoLarin M.c. 2008. The effectiveness of grafting to im-
prove salt tolerance in tomato when an ‘excluder’ genotype is used as scion. Environ.  Exp. 
Bot., 63: 392-401.  DOI:10.1016/j.envexpbot.2007.12.007

MatSuzoe n., aida H., Hanada K., aLL M., oKuBo H., Fujieda K. 1996. Fruit quality of tomato 
plants grafted on Solanum rootstocks. J. Jpn. Soc. Hortic. Sci., 65: 73-80.  DOI: 10.2503/
jjshs.65.73

MicHałoić z., BuczKowSKa H. 2009. Content of macroelements in eggplant fruits  depending on 
varied potassium fertilization. J. Elem., 14(1): 111-118. DOI: 10.5601/jelem.2009.14.1.12



81

paSSaM H.c., StyLianoy M., KotSiraS a. 2005. Performance of eggplant grafted on tomato and 
eggplant rootstocks. Eur. J. Hort. Sci., 70: 130-134.

poGonyi a., peK z., HeLyeS i., LuGaSi A. 2005. Effect of grafting on the tomato’s field, quality 
and main fruit components in spring forcing. Acta Aliment., 34: 453-462. DOI:10.1556/AA-
lim.34.2005.4.12

raFFo a., La MaLFa G., FoGLiano V., Maiani G., quaGLia G. 2006. Seasonal variations in antiox-
idant components of cherry tomatoes (Lycopersicon esculentum cv. Naomi F1). J. Food Com-
posit. Anal., 19: 11-19. DOI:10.1016/j.jfca.2005.02.003

roupHaeL y., ScHwarz d., KruMBein a., coLLa G. 2010. Impact of grafting on product quality  
of fruit vegetables. Sci. Hort., 127: 172-179. DOI:10.1016/j.scienta.2010.09.001

Santa-cruz  a., Martinez-rodriGuez M.M., perez-aLFocea F., roMero-aranda r., BoLarin M.C. 
2002. The rootstock effect on the tomato salinity response depends on the shoot genotype. 
Plant Sci., 162: 825-831.





J. Elem. s. 83–93 DOI: 10.5601/jelem.2014.19.3.501

Phenolic acids imProve  
the antioxidant activity  

of ceruloPlasmin isolated  
from Plasma of healthy  

volunteers and atherosclerotic 
Patients*

Bogna Gryszczyńska*, Maria Iskra1,  
Tomasz Wielkoszyński2, Maria Małecka3,  

Magdalena Budzyń-Napierała1, Magdalena Kasprzak1, 
Agnieszka Gryszczyńska4

1 Department of General Chemistry  
Chair of Chemistry and Clinical Biochemistry  

Poznań University of Medical Sciences  
2 Department of Chemistry  

Medical University of Sciences Silesia, Zabrze-rokitnica  
3Chair of Food Quality  

Poznań University of Economics  
4 Institute of Natural Fibres and Medicinal Plants,  

Quality Control Of Medicinal Products  
and Dietary Supplements Department (QP), Poznań 

Abstract

The aim of the present study was to estimate the ability of individual phenolic acids to 
eliminate Fe(II) ions from the solution. Moreover, the influence of phenolic acids on the ferroxi-
dase activity of ceruloplasmin (Cp)  isolated from blood plasma of healthy volunteers (CpC) and 
patients with atherosclerosis obliterans (CpAO) was established in vitro. Phenolic acids demon-
strated a ferroxidase-like activity, i.e. the ability to eliminate Fe(II) ions, within the studied 
concentration range of 2.0-17.0 mol 10-5 dm-3, in the following order of decreasing effectiveness: 
caffeic acid (CA)>ellagic acid (EA)>chlorogenic acid (ChA)>ferulic acid (FA) ≈ p-coumaric acid 
(PcA) = sinapic acid (SA). The study showed that the ability of phenolic acids to eliminate Fe(II) 
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ions by oxidation or chelation was related to the structure of the former, to the presence of orto
-OH groups, especially. Furthermore, the effect of the molar ratio of phenolic acid to Fe(II) ion 
was observed. EA and ChA, both containing two orto-OH groups and the highest number of –OH 
groups (4 and 5, respectively), demonstrated the greatest ability to eliminate Fe(II) ions, espe-
cially at the Fe(II) to phenolic acid molar ratio of 6:1. Phenolic acids added to samples with a 
constant amount of Cp caused decrease in the concentration of Fe(II) ions. Therefore, it may be 
assumed that the addition of phenolic acids to CpC and CpAO, even in low concentrations, caused 
a significant decrease in the concentration of Fe(II) ions.

Key words: caffeic acid, chlorogenic acid, ellagic acid, ferulic acid, sinapic acid, p-coumaric acid, 
atherosclerosis obliterans, ceruloplasmin, ferroxidase activity.

introduction

A growing interest in the protective properties of fruits and their compo-
nents can be ascribed to their potentially beneficial influence on human he-
alth. Fruits are known to demonstrate anti-proliferative activities and their 
consumption is associated with a reduced risk of cardiovascular disease and 
some types of cancer (LoSSo et al. 2004, eStaquio et al. 2008). Bioactive com-
pounds of fruits, such as phenolic acids, flavonoids, stilbenes and vitamins 
(Han et al. 2007, LuGaSi et al. 2011, BoBinaité et al. 2012) exhibit various he-
alth promoting mechanisms and activities, i.e. antioxidant activity, anti-pro-
liferative activity, free radical scavenging capacity, neuroprotective capacity 
(aMarowicz et al. 2007, Bowen et al. 2010, FortaLezaS et al. 2010).

Polyphenols, a class of compounds present in fruits, are known to be 
good chelators and oxidants of Fe(II) ions, and may inhibit metal-dependent 
processes generating reactive oxygen species (ROS). Iron ions, Fe(II) par-
ticularly, exhibit the ability to generate free radicals (O2

•- or •OH), which 
are capable of oxidizing of biological molecules because of  their high redox 
potential. In the Fenton reaction, Fe(II) is oxidized by hydrogen peroxide 
to Fe(III) and OH is produced. It has been demonstrated that Cu(I) and 
other transition metals can also react with hydrogen peroxide and generate 
ROS. The efficiency of this reaction increases in pathological conditions, often 
accompanied by an increased concentration of unbound Fe(II) ions. Oxida-
tion of Fe(II) to Fe(III) ions followed by subsequent binding by  transferrin 
and ferritin is catalyzed by ceruloplasmin (Cp), the most important plasma 
antioxidant.

The ferroxidase activity of Cp seems to be enhanced by polyphenols, 
yet the interaction between polyphenolic compounds and Cp or any other 
endogenous antioxidants remains understudied (Budzyń et al. 2009). In our 
previous study, a ferroxidase-like activity was demonstrated by raspberry 
seed extract (RSE) (GrySzczyńSKa et al. 2009). An addition of RSE to Cp, 
isolated from serum of healthy subjects, caused a dose-dependent decrease 
of Fe(II) concentration. This was due to polyphenolic compounds present in 
RSE, which eliminated Fe(II) ions by oxidation or chelation. The analysis of 
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the profile of phenolic compounds in extracts from different raspberry culti-
vars demonstrated that gallic acid (GalA), ChA, EA, 4-hydroxybenzoic acid 
(4-HbA), CA, PcA, FA, and gentisic acid (GenA) played the most significant 
antioxidant role among the phenolic acids (Moyer et al. 2002, zHanG et al. 
2010).

Therefore, ChA, CA, EA, FA, PcA, and SA, as the most prevalent and ef-
fective components of plants and plant products, were selected for this study. 

A particularly intensified production of free radicals and ROS occurs 
as a result of upsetting the balance between antioxidative and prooxidati-
ve processes. This imbalance, accompanied by lower activity of antioxidant 
enzymes and reduced concentration of low-molecular antioxidants, plays a 
significant role in the pathogenesis of many diseases. Oxidative stress is one 
of the risk factors of many pathological conditions, including atherosclerosis 
obliterans (AO) (MajewSKi et al. 2007). The occlusion of the lower limbs due 
to atherosclerosis may lead to moderate or critical ischaemia of the lower 
limbs. Reperfusion injuries and ischaemic changes in tissues entail the for-
mation of various reactive oxygen species (ROS). The latter are resistant to 
elimination, due to insufficient adaptive mechanisms of the organism, and 
are produced when the body’s antioxidant status is significantly deteriorated 
(HarriS 1992).

The analysis of plasma from patients with and without atherosclerosis, 
carried out in the present study, is expected to clarify to what extent pheno-
lic compounds support enzymes or low-molecular antioxidants in their fight 
against free radicals and ROS, in a situation when the disease causes an 
excessive use or an insufficient production of endogenous antioxidants.

The purpose of the study was to determine individual abilities of these 
compounds to eliminate free Fe(II) ions, and to assess their effect on the fer-
roxidase activity of Cp isolated from blood plasma of healthy volunteers (CpC) 
and patients with atherosclerosis obliterans (CpAO) in vitro.

material and methods

Chemicals
(NH4)2 Fe(SO4 )2 ∙ 6H2O (Mohr’s salt), (NH4)2 SO4, NaCl, KH2PO4, K2H-

PO4, CH3COOH, CH3COONa, chloroform and ethanol were purchased from 
POCh Spółka Akcyjna (Gliwice, Poland). 3-(2-Pyridyl)-5,6-diphenyl–1,2,4-tri-
azine-4’,4’’-disulfonic acid sodium salt (ferrozine), histidine, DEAE-Sephadex 
A-25 chloride form, CA, EA, ChA, PcA, SA, FA, apotransferrin, acetic acid, 
sodium acetate were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
All reagents and solvents were of analytical grade of purity. 
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Preparation of phenolic acid solutions
The basic solutions of CA, ChA, FA, PcA were prepared in high purity 

water. The basic solution of SA was prepared in methanol: H2O (1:4,v:v) and 
EA was dissolved in methanol. 

Isolation and purification of ceruloplasmin from human plasma samples
For the purpose of the study, Cp was isolated from blood plasma samples 

of healthy volunteers  and patients with AO (the volume of 0.1 dm-3 combined 
from 20 subjects in each studied group). Prior approval for the study had 
been given by the Ethics Committee of Poznan University of Medical Sciences 
(decision No 614/12). CpC and CpAO were isolated and purified according to 
the procedure detailed previously (GrySzczyńSKa et al. 2009). The purification 
procedure yielded an essentially pure preparation of CpC and CpAO, and the 
absorbance A610/A280 ratio reached the value of 0.036 and 0.031, respective-
ly. CpC and CpAO solutions were prepared in PBS buffer (0.05 mol dm-3, pH 
7.38). PBS was chosen because the phosphate buffer represents one of the 
main components of the physiological buffering system. 

The ferroxidase activity Cpc and Cpao

The ferroxidase activity of Cp was measured spectrophotometrically, us-
ing the Fe(II)-histidine complex and ferrozine [disodium salt of 3-(2-pyridyl)- 
-5,6-bis (4-phenylosulfonic acid)-1,2,4-triazine)] as a chromogenic reagent. 
Histidine, a possible chelator of Fe(II) in vivo, was chosen to bind Fe(II)  
in a stable and low-molecular complex in order to avoid iron autooxidation 
in vitro.  In the presence of Cp, Fe(II) ions are oxidized to Fe(III) and the 
remaining amount of Fe(II) forms a more stable complex with ferrozine, 
yielding a product measured spectrophotometrically (juan, auSt 1998).  
The ferroxidase activity of CpC and CpAO in the concentration range of   
22-66 mg dm-3 was measured according to the procedure described by  
GrySzczyńSKa et al. (2009) and expressed as a change in Fe(II) concentration 
in a sample.

The effect of phenolic acids on the ferroxidase activity of Cpc and Cpao

The effect of phenolic acids on the ferroxidase activity of CpC and  
CpAO was measured in a mixture of CpAO or CpC of a given concentration  
(22; 33; 44; 66 mg dm-3) and variable concentrations of phenolic acids  
(2.0-17.0 mol 10-5 dm-3). Appropriate volumes of Cp and phenolic acid solution 
were added to test tubes and handled according to the procedure described 
by GrySzczyńSKa et al. (2009).  

Determination of the ability of phenolic acids to oxidize Fe(II) ions 
The ability of phenolic acids to oxidize Fe(II) ions was measured accord-

ing to the procedure described by joHanSon et al. (1967). This micromethod 
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was used for the determination of the serum concentration of ceruloplasmin 
and based on the oxidation reaction of Fe (II) to Fe (III) by Cp under defined 
conditions. The absorbance of orange complex of Fe(III):transferrin was 
measured spectrophotometrically at λ=460 nm. This method was applied in 
order to test the capacity of phenolic compounds to oxidize Fe(II) ions. The 
concentration of Fe(III):transferrin was calculated from the formula:

Fe(III):transferrin = [(A – A0) – (C – C0)] / ε t m  (µM)
where:
A0 – absorbance value at 0 minute,
A – absorbance value after 1 minute of reaction,
C0 – absorbance value of blank sample at 0 minute,
C – absorbance value of blank sample after 1 minute of reaction,
ε – micromolar absorption coefficient, ε=0.0025 (dm3 µmol-1cm-1),
t – reaction time in minutes,
m – concentration of phenolic acid (µmol dm-3).
The study of the ability of phenolic compounds to oxidize  Fe(II) ions was 

carried out for two molar proportions of  Fe(II) ions to phenolic acids: 6:1 
(A) and 1:1 (B). The solutions were prepared by combining 0.00017 dm-3 of 
acetate buffer (1.2 M; pH 6.0), 0.000250 dm-3 apotransferrin solution (2.0%), 
and an appropriate volume of phenolic acid solution, subsequently replen-
ished with water to obtain 0.0007 dm-3 of mixture in a cuvette. The cuvette 
was placed in a spectrophotometer for 3 minutes at 30ºC. Then, 0.0003 dm-3 
of Fe(II) ion solution (Mohr’s salt, 0.22 mmol dm-3) was added to the cuvette 
and the initial absorbance was measured immediately (A0). The measurment 
was repeated after 1 minute (A). At the same time, a blank was prepared 
by combining 0.00017 dm-3 of buffer solution, 0.00025 dm-3 of apotransferrin 
solution and 0.00028 dm-3 of water. The initial absorbance (C0) was measured 
following the addition of Fe(II) ion solution to the blank  and then the mea-
surement was repeated after 1 minute (C).

Statistical analysis
The results were expressed as means ± standard deviation. Statistical 

differences were estimated by using Student’s t-test. The significance level 
was accepted at p < 0.01.

results and discussion

The study showed the cooperation of Cp with phenolic acids in Fe(II) 
ions elimination from solution and the effect of chronic arterial occlusion of 
the lower limbs due to atherosclerosis on the ferroxidase activity of Cp. The 
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ferroxidase activity of CpC (Figure 1a), expressed as ΔFe(II), was lower than 
that of CpAO in the dose of 66 mg dm-3 (Figure 1b) – p < 0.001. 

The abilities of individual phenolic acids to eliminate Fe(II) and their  
effect on the ferroxidase activity of both CpC and CpAO was analyzed. CA, 
ChA and EA were shown to be more capable of eliminating Fe(II) ions (at 
17.0 mol 10-5 dm-3) when compared to SA, PcA and FA. The addition of indi-
vidual  phenolic acids to the solution with a constant amount of CpC or CpAO 
caused a significant decrease in Fe(II), shown as ΔFe(II) in Figure 1a and 
Figure 1b, respectively. The effect of phenolic acids on the ferroxidase activi-
ty of CpC or CpAO was dose-dependent for each of Cp concentration. However, 
the addition of higher concentrations (6.0 mol 10-5 dm-3 and more)  of pheno-
lic acids, especially CA, EA and ChA, to the samples with 66 mg dm-3 of CpC 
or CpAO caused less efficient Fe(II) elimination in both groups. 

Fig. 1. The effect of phenolic acids (17 mol l0-5 dm-3) on the ferroxidase activity of CpC (a)  
or CpAO (b) (66 mg dm-3) (* p < 0.001 – significant differences vs samples with constant amount  
of CpC or CpAO without phenolic acids); CA – caffeic acid, EA – ellagic acid, ChA – chlorogenic 

acid, SA – sinapic acid, PcA – p-coumaric acid, FA – ferulic acid
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The highest concentrations of Fe(II) eliminated by phenolic acids with 
and without the presence of CpC or CpAO in a model solution were evaluated. 
For this purpose, the parameters of the regression curves of the reciprocal 
of concentration of the selected phenolic acids and the reciprocal of ΔFe(II) 
were calculated (Table 1). The maximum decreases in Fe(II) concentration 
obtained for CA, EA, ChA, PcA, SA and FA were 64.10; 48.80; 7.44; 0.40; 
0.40; 0.40 µmol dm-3, respectively. On the other hand, in the presence of CpC 

or CpAO, the calculated ΔFe(II) values were lower for CA, EA, ChA and higher 
for SA, FA, and PcA.

In the next step, the ability of individual phenolic acids to oxidize Fe(II) 
and the formation of Fe(III)-transferrin complex were estimated. It was shown 
(Figure 2.) that EA and ChA demonstrated the greatest ability to oxidize Fe(II) 
ions and thus binding Fe(III) with  transferrin. The lower capacity was calcu-
lated for CA and the lowest ability to oxidize Fe(II) ions was shown by SA, PcA 
and FA. Moreover, the ability to eliminate Fe(II) ions was related to the Fe(II)/

Table 1 
Data for ΔFe(II)max  caused exclusively by a phenolic acid in the presence of CpC or CpAO  

calculated in the solution of  CpC/ phenolic acid or CpAO/phenolic acid

Cp
(mg dm-3)

CpC                           CpAO

double reciprocal
curve

y = ax + b*
1/b = ΔFe(II)max

double reciprocal
curve

y = ax + b*
1/b = ΔFe(II)max

Cp
without phe-
nolic acids

y = 26.619x + 0.0222 45.05 y = 10.86x + 0.2258 4.43

ca y = 2.522x + 0.0156 64.10 y = 2.522x + 0.0156 64.10

CA + Cp y = 0.2600x + 0.1709 5.85 y = 0.0460x + 0.1611 6.20

ea y = 3.5265x + 0.0205 48.80 y = 3.5265x + 0.0205 48.80

EA + Cp y = 0.3287x + 0.1628 6.14 y = 0.3613x + 0.1447 6.91

ChA y = 0.3886x + 0.1344 7.44 y = 0.3886x + 0.1344 7.44

ChA + Cp y = 0.2213x + 0.1826 5.47 y = 0.0955x + 0.1896 5.27

sa y = 6.7516x + 2.3519 0.40 y = 6.7516x + 2.3519 0.40

SA + Cp y = 0.2129x + 0.3568 2.80 y = 0.0792x + 0.3471 2.88

Pca y = 6.2206x + 2.6961 0.40 y = 6.2206x + 2.6961 0.40

PcA + Cp y = 0.1833x + 0.3564 2.80 y = 0.1021x + 0.2504 3.99

fa y = 9.879x + 2.4191 0.41 y = 9.879x + 2.4191 0.41

FA +Cp y = 0.0863x + 0.3163 3.16 y = 0.0405x + 0.2698 3.71
* y = ax + b → 1/ΔFe(II) = 1/[phenolic acid] + 1/ΔFe(II)max 
when x = 0 → 1/b=ΔFe(II)max is the maximum of a possible decrease in Fe(II) concentration



90

phenolic acid molar ratio. The analysis of data presented in Figure 2 shows 
that the 6:1 molar ratio is much more favourable than the 1:1 one.

The chosen phenolic acids differ in terms of their chemical structure, i.e. 
the number of OH groups in a molecule, mutual arrangement thereof, and 
the presence of aromatic rings. Therefore, some differences in the reactivity 
of phenolic acids with Fe(II) ions were expected to occur.  

Fig. 2. Formation of a Fe(III):transferrin complex due to the oxidation of Fe(II) ions  
in the presence of phenolic acids and at the Fe(II)/phenolic acid molar ratio of 6:1(a) and 1:1(b). 

(* p < 0.001 significant difference vs. figure a for ellagic acid; ** P<0.01 significant difference 
vs. figure a for chlorogenic acid)
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The results demonstrated that all phenolic acids were able to eliminate 
unbounded Fe(II) ions by oxidation or chelation, but in different manner. 
The addition of CA, EA and ChA, even in low concentrations (2.0; 4.0; 6.0 
mol 10-5 dm-3), to solution containing Cp caused a significant increase in 
ΔFe(II). When the concentration of phenolic acids increased, along with the 
concentration of CpC or CpAO, the competition for the substrate, i.e. free Fe(II) 
ions, was shown to have intensified. The oxidative activity of CpAO was high-
er when compared to CpC. The study also revealed that values of ΔFe(II)max 
obtained for samples containing only CA, EA, or ChA were higher than for 
tsamples in which either CpAO or CpC were present. Although these consider-
ations confirm the competition of CA, EA, ChA and Cp for Fe(II) ions, it is 
very likely that the addition of the phenolic acids at higher concentrations 
might even replace Cp as an antioxidant. This effect may be particularly 
desirable in chronic disease, which probably entails a greater exploitation of 
antioxidants and necessitates a higher activity of antioxidant enzymes. The 
next chosen phenolic acids, SA, PcA, and FA, showed significantly weaker 
ability to eliminate free Fe(II) ions, which confirms that Cp plays a predom-
inant role in decreasing the concentration of Fe(II) ions in the experimental 
model. The presence of one OH group only, and thus the lack of an orto-OH 
group arrangement, seems to exert an influence on the ability of these acids 
to chelate or oxidize Fe(II) ions.

The elimination of Fe(II) ions by chelation with phenolic acids was con-
firmed by using ferrozine. The presence of the phenolic acid perturbs the 
Fe(II)-ferrozine complex formation and indicates their higher chelating activ-
ity (GüLęin 2006). Various studies have demonstrated that compounds con-
taining two or more –OH, -SH, -COOH, -C=O, -S- groups show a metal che-
lating ability (yuan et al. 2005, andjeLKoVić et al. 2006). However, oxidation 
of Fe(II) is an important mechanism in the elimination of this ion. Phenolic 
acids increase the rate of Fe(II) oxidation to Fe(III) and form complexes with 
Fe(II), thus preventing the Fenton reaction, which was suggested by Lopes 
and co-workers (LopeS et al. 1999).  In this study, oxidation of Fe(II) ions by 
phenolic acids was proven by measuring the concentration of Fe(III):trans-
ferrin complex.  Higher concentrations of this complex were observed in 
the presence of EA, ChA and CA than of SA, PcA and FA. The results of 
other studies indicate that phenolic acids containing gallolyl moieties i.e. 3 
adjacent OH groups, favour the autooxidation of Fe(II) ions. This moiety is 
present both in CA and ChA, thus the highest concentration of Fe(III):trans-
ferrin complex in their presence was found. EA, which is a dimer of GalA, 
demonstrates the highest efficiency to oxidize of Fe(II) ions, as revealed by 
Chvátalová (cHVáLatoVá et al. 2008). The presence of two ortho-OH groups 
in the structure of EA may favour the oxidation of Fe(II) ions. It seems 
probable that acids containing one OH group only (3-hydroxybenzoic acid, 
4-HbA and 4-hydroxy-3-methoxybenzoic acid) decrease the oxidation of Fe(II) 
ions with an efficiency similar  to that of ascorbic acid. This observation is 
important for SA, PcA and FA, derivatives of cinnamic acid, containing only 
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one OH and or one  methoxyl group. Furthermore, our results indicate that 
the ability of phenolic acids to oxidize Fe(II) ions depends on their molar ra-
tio, too. The oxidation of Fe (II) is favoured when the Fe(II) to phenolic acid 
ratio is higher (i.e. equals 6:1), which leads to the more efficient binding of 
Fe(III) by apotransferrin. Phenolic acids favour the oxidation of Fe(II) when 
their concentration is much lower than the initial concentration of Fe(II) 
ions.  It was shown that CA and protocatechuic acids are the best oxidants if 
their concentration constitutes only 0.4% of the initial concentration of Fe(II) 
(cHVáLatoVá et al. 2008).

conclusions

The ability of phenolic acids to chelate or oxidize Fe(II) ions, followed by 
Fe(III) ions binding to apotransferrin and ferritin, may represent a beneficial 
mechanism that could assist in the elimination of unbound Fe(II) ions by ce-
ruloplasmin in the human body. Phenolic acids added to solution of CpAO and 
CpC at variable concentrations increase the elimination of Fe(II) ions and de-
monstrate a ferroxidase-like activity in the order of decreasing effectiveness: 
CA>EA>ChA>FA ≈PcA=SA. 

It was shown that the ability of phenolic acids to eliminate Fe(II) ions 
by oxidation or chelation was associated with their structures, the presence 
of orto-OH groups in particular. Furthermore, the influence of phenolic acid/
Fe(II) ion ratio on the oxidative ability of phenolic acids  was observed. EA 
and ChA, containing two orto-OH groups and the highest  number of –OH 
groups (4 and 5, respectively), show the highest ability to eliminate Fe(II) 
ions, especially at the Fe(II)/phenolic acid molar ratio of 6:1. 
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Abstract

The aim of the study was to recognize the vertical variability in the content of different 
forms of carbon and nitrogen in Histosols of a forest spring niche located in the upper course of 
the Kamienna Creek (the Słupia River catchment). Soil samples were taken from three profiles 
and analyzed with standard methods used in the soil science. Analyses included the degree of 
peat mass decomposition, content of soil organic matter, pH, content of total organic carbon 
(TOC), total nitrogen (TN) and forms of carbon and nitrogen after sequential extraction in 0.25 
mol KCl dm-3, 0.25 mol H2SO4 dm-3 and 2.5 mol H2SO4 dm-3. The following fractions were iso-
lated: nonhydrolyzable carbon (NHC) and nitrogen (NHN), weakly hydrolyzable carbon (WHC) 
and nitrogen (WHN), easy hydrolyzable carbon (EHC) and nitrogen (EHN), dissolved organic 
nitrogen (DON), and its ammonium (NH4-N) and nitrate (NO3-N) form.

The Histosols were t up to 0.9 m hick. The degree of peat mass decomposition was 3-9. 
The content of organic matter ranged from 317.3 to 829.0 g kg-1, and TOC from 162.2 to 459.5 
g kg-1. The soils were acid at pHH2O equal 5.6-6.5. The NHC form predominated in TOC. The 
content of the form was 117.3-399.7 g kg-1, and contribution in TOC 72.3-89.2%. Soils contained 
17.1-41.7 g kg-1 of WHC (4.5-10.6% in TOC), and 27.3-62.2 g kg-1 EHC (6.4-17.2% in TOC). The 
soils were rich in total nitrogen (TN), whose content was 11.1-33.6 g kg-1. The content of NHN 
was 5.50-18.89 g kg-1 (37.18-69.84% in TN), WHN 4.28-14.17 g kg-1 (21.23-43.72 in TN), EHN 
1.16-8.02 g kg-1 (8.06-24.32% in TN), and DON ranged from 0.029-0.394 g kg-1 (0.10-1.20% in 
TN). The concentration of NH4-N was 0.043-0.337 g kg-1, and NO3-N 0.003-0.012 g kg-1. Similar 
regularities in the vertical distribution of the investigated forms of carbon and nitrogen were 
observed in every soil profile. In general, an increase in the nonhydrolyzable forms of carbon 
and nitrogen and a decrease in EHC, EHN, DON and NH4-N were observed with depth. The 
maximum concentration of EHC, EHN, DON and NH4-N found in bog horizons is probably an 

Jerzy Jonczak, Departament of Geoecology and Geoinformation Pomeranian University in 
Słupsk, Partyzantów 27, 76-200 Słupsk, Poland, e-mail: jrzy.jonczak@gmail.com
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effect of the highest intensity of biochemical processes in the topsoil and the influx of fresh lit-
terfall. A constant underground flow of water and leaching are the factors which caused a low 
contribution of labile forms of C and N in lower parts of the soil profiles.

Key words: headwater areas, Histosols, carbon forms, nitrogen forms.

introduction

Headwater areas, as transition zones between underground and superfi-
cial parts of a water cycle in river catchments, play an important role in the 
functioning of geosystems (cHapMan et al 1993, MazureK 2006, jeKatieryn-
czuK-rudczyK 2007, jonczaK 2011). Water, soil and plant communities play 
the key role in the functioning of spring niches, and interactions between 
these components are very close and anisotropic (deVito et al 1996, FoSter 
et al 2001, daVieS et al 2005, KarLSSon et al 2005, SzyMczyK et al 2010,  
danieLS et al 2012, MazureK 2012). The water outflow rate affects the degree 
of swamping in the vicinity of water seepages, while its chemical composition 
has a strong impact on species-composition of plant communities. Plants are 
a source of litterfall, whose accumulation under the lasting surplus of water 
leads to the formation of Histosols. Physical and chemical properties of soils 
are conditioned by the character of past and contemporary plant commu-
nities and the chemistry of supplying water. On the other hand, the soils in-
fluence the direction and range of transformations in water chemistry during 
the flow through a niche (jeKatierynczuK-rudczyK 2007, MazureK 2012). The 
soils of spring niches are usually rich in organic matter, which affects their 
physical, chemical, sorptive and buffer properties (jonczaK 2010, jonczaK, 
cySewSKa 2010). Soil organic matter (SOM) is present in the soils in different 
forms – from fresh litterfall, through humus to soluble (labile) organic com-
pounds. Litterfall is a primary source of SOM, and dissolved organic matter 
(DOM) is a product of its microbiological decomposition and a substrate in 
humification process. Thus, the content of different forms of SOM resulted 
from the rate of microbiological decomposition of litterfall, humification and 
leaching, which in turn was strongly affected by soil properties and many 
environmental and anthropogenic factors. Carbon and nitrogen (beside 
oxygen and hydrogen) are major components of SOM. Bearing in mind per-
manent flow of water through Histosols of headwater areas, especially in 
horizons over mineral bed, we should expect in general low, but vertically 
differentiated content of labile forms of carbon and nitrogen.

The aim of our study was to recognize the vertical variability in the 
content of different forms of carbon and nitrogen in Histosols of forest spring 
niche located in the upper course of Kamienna Creek. 
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material and methods

The studies were conducted in northern Poland, in the valley of the  
Kamienna Creek – a left tributary of the Słupia River. The Kamienna Creek 
valley is a deep headwater area, carved in the Holocene sands and loams 
and rich in water seepages and spring niches, which are the subject of our 
studies. This paper presents results of the studies conducted in an affor-
ested spring niche located in the upper course of the river, near Łysomice  
(54°19′ N; 17°10′ E). This spring niche is a riparian area overgrown with 
40-86 years-old alder trees (Alnus glutinosa) and having a very species rich 
herbaceous plant cover. iIn total, there were 106 species of vascular plants, 
17 species of mosses and 8 species of liverworts identified in the niche in  
2012. This is a lowland peatbog area with Histosols of the thickness to about 
90 cm. In the summer of 2012, three soil profiles were uncovered, in which 
the soils described and sampled. Soil samples were taken from 10 cm lay-
ers, up to the mineral bed. The degree of peat mass decomposition (H) was 
determined in field on the von Post’s scale (Grosse-Brauckmann 1990). Soil 
samples were dried at 40°C, ground and analyzed. The following properties 
were analyzed:
 -  pH potentiometrically (Elmetron CP-401) in H2O and 1mol dm-3 KCl (in the 
soil:water/KCl ratio of 1:10);

 - soil organic matter (SOM) content as loss on ignition at 450°C;
 - total organic carbon (TOC) content with the Alten method;
 -  total nitrogen (TN) content with the Kjeldahl method in a distilling unit 
VELP UDK-127;

 -  the content of carbon and nitrogen forms after sequential extraction in 
0.25 mol KCl dm-3, 0.25 mol H2SO4 dm-3 and 2.5 mol H2SO4 dm-3 (BecHer, 
KaLeMBaSa 2011). 

Based on the extractions, the following fractions of carbon and nitrogen 
were isolated:
 -  easy hydrolyzable carbon (EHC) – after extraction with 0.25 mol H2SO4 dm-3;
 -  weakly hydrolyzable carbon (WHC) – after extraction with 2.5 mol H2SO4 dm-3;
 - nonhydrolyzable carbon (NHC) – was calculated as TOC- EHC-WHC;
 - nitrate nitrogen (NO3-N) - after extraction with 0.25 mol KCl dm-3;
 - ammonium nitrogen (NH4-N) - after extraction with 0.25 mol KCl dm3;
 -  dissolved organic nitrogen (DON) – the content of Kjeldahl nitrogen after 
extraction with 0.25 mol KCl dm-3 – NH4N;

 -  easy hydrolyzable nitrogen (EHN) – after extraction with 0.25 mol H2SO4 dm-3;
 -  weakly hydrolyzable nitrogen (WHN) – after extraction with 2.5 mol H2SO4 dm-3;
 -  nonhydrolyzable nitrogen (NHN) – was calculated as TN-NH4-N–DON–
EHN-WHN.
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The content of carbon in extracts was analyzed with the Tiurin method 
after evaporation of a sample, NO3-N was determined colorimetrically with 
sodium salicylate, NH4-N was assayed by distillation and organic nitrogen 
was tested by the Kjeldahl method in a distilling unit VELP UDK-127. Cor-
relation coefficients between the content of carbon and nitrogen forms and 
some properties of the soils were calculated using Statistica software.

results and discussion

The surplus of water, which is typical for headwater areas, creates con-
ditions for the development of Histosols. The tickness of soils is determined 
mainly by the basic microrelief in the vicinity of water seepages and the 
species composition of plant communities. The Histosols subjected to our 
investigations were thick up to 90 cm and built from alder-sedge peat, whose 
rate of decomposition on the von Post’s scale (GroSSe-BraucKMann 1990) was 
3-9 (Table 1). The soils contained 317.3-829.0 g kg-1 of SOM, 162.2-459.5 g 
kg-1 TOC and 11.08-33.59 g kg-1 TN. The TOC:TN ratio ranged from 12.6:1 to 
22.0:1. The soils were acid at pHH2O from 5.6 to 6.5 and pHKCl from 5.0 to 6.1.

It is well known that labile forms of SOM, carbon and nitrogen play 
an important role in the functioning of natural and modified ecosystems, 
as well as in some soil-forming processes (e.g. quaLLS, HaineS 1991, HayeS, 
Moore 1992, ScHuLten, ScHnitzer 1998, jonczaK 2012). Concentrations and 
pools of the forms in soils are varied among different ecosystems (Hu et al. 
1997). Decaying litterfall in forest and other natural ecosystems, and some 
organic fertilizers in agroecosystems (GondeK 2007, KaLeMBaSa, BeHer 2012) 
are the most important sources of the components in the environment. The 
content of dissolved organic carbon (DOC), as well as its leaching intensity 
is a good indicator of the ecological condition of soils and the direction of 
ongoing processes as a response to the impact of different environmental 
and anthropogenic factors (Hu et al. 1997, cHertoV, KoMaroV 1997, dawSon 
et al. 2008, reMeš, KuLHaVý 2009, jonczaK, parzycH 2012). The investigated 
Histosols were rich in SOM, acting as substrate for labile forms of carbon, 
but the constant water surplus did not favour its mineralization. Finally,  
the observed concentrations of EHC were rather low, ranging from 27.3 
to 62.2 g kg-1 (Table 2). EHC accounted 6.4-17.2% of TOC. In general, the 
highest concentration as well as the contribution of this form in TOC occu-
rred in the 0-30 cm layer, while the lowest ones were in layers lying on the 
mineral bed. The observed vertical distribution of EHC is an effect of the 
varied biological activity in soil profiles (which peaked in bog horizons) and 
the intensive leaching of labile forms from the zones with a constant flow of  
groundwater. The content of WHC ranged from 17.1 to 41.7 g kg-1 (4.5-10.6%  
of TOC). NHC was the major fraction of carbon in the investigated soils, 
with concentrations from 117.3 to 399.7 g kg-1 and contribution in TOC equal 
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72.3-89.2% (Table 2). The concentrations of EHC, WHC and NHC were clo-
sely related to the content of SOM (Table 3).

Almost all of the nitrogen contained in soils is closely associated with 
SOM. It is present in soils as a component of different organic compounds 
and in mineral forms - ammonium, nitrates and nitrites. Mineral nitrogen 
usually constitutes a fraction of percent in total nitrogen, but as a bioava-
ilable form of the element, it plays the key role in the functioning of plant 

Table 1 
Selected properties of the soils

Depth
(cm)

H
von Post

SOM
(g kg-1)

TOC
(g kg-1)

TN
(g kg-1) TOC:TN pHH2O pHKCl

Profile 1
0-10 9 725.0 421.9 33.0 12.8 6.1 5.5

10-20 9 741.0 423.4 33.6 12.6 6.0 5.4
20-30 9 753.0 443.5 32.4 13.7 5.8 5.3
30-40 5 705.9 438.9 30.1 14.6 5.8 5.3
40-50 5 611.8 384.2 26.3 14.6 5.9 5.4
50-60 6 538.0 325.7 21.8 15.0 5.6 5.3

Profile 2
0-10 9 810.8 436.6 32.9 13.3 6.5 6.0

10-20 5 803.8 422.2 32.0 13.2 6.4 5.8
20-30 3 813.5 459.5 30.5 15.1 6.5 6.1
30-40 7 795.4 448.1 29.7 15.1 6.5 6.0
40-50 6 721.6 451.2 30.8 14.7 6.4 5.9
50-60 9 633.3 379.1 25.9 14.6 6.5 6.0
60-70 6 678.3 458.7 27.8 16.5 5.9 5.6
70-80 5 620.1 427.8 19.5 22.0 5.6 5.3
80-90 4 634.6 425.3 21.5 19.8 5.6 5.4

Profile 3
0-10 9 805.2 443.7 29.7 15.1 5.9 5.2

10-20 8 829.0 447.8 29.3 15.2 5.6 5.0
20-30 8 794.6 442.4 33.2 13.2 5.6 5.1
30-40 8 721.8 411.7 28.6 14.4 5.9 5.2
40-50 9 734.7 389.2 29.3 13.3 5.8 5.2
50-60 8 735.6 394.2 31.1 12.7 5.8 5.4
60-70 7 588.6 356.8 19.8 17.6 5.9 5.5
70-80 7 413.7 240.6 13.1 17.6 6.0 5.6
80-90 9 317.3 162.2 11.1 13.5 5.9 5.5
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communities and soil microorganisms. It is also a limiting factor in this 
respect. Mineral forms of nitrogen, especially NO3-N, are highly mobile in 
the environment, which is a frequent reason of water pollution in agroeco-
systems. A lower rate of the mineralization of organic nitrogen due to water 
excess, uptake by plant roots and microorganisms as well as intensive le-
aching is the most decisive factor causing a very low concentration of NO3-N 
in the studied soils, despite the high content of TN. The content of the form 
ranged from 0.003 to 0.012 g kg-1 (0.01-0.04% in TN). Low concentrations 

Table 2 
The content of carbon forms in the soils and their contribution in TOC

Depth
(cm)

Content (g kg-1) Contribution in TOC (%)
EHC WHC NHC EHC WHC NHC

Profile 1
0-10 60.5 35.2 326.2 14.3 8.3 77.4
10-20 62.2 30.3 330.9 14.7 7.2 78.1
20-30 49.7 34.7 359.1 11.2 7.8 81.0
30-40 41.3 34.4 363.2 9.4 7.8 82.8
40-50 33.6 22.4 328.2 8.8 5.8 85.4
50-60 33.5 22.0 270.2 10.3 6.8 82.9

Profile 2
0-10 50.5 36.2 349.9 11.6 8.3 80.1
10-20 50.6 31.8 339.8 12.0 7.5 80.5
20-30 51.4 33.1 375.0 11.2 7.2 81.6
30-40 43.0 34.7 370.4 9.6 7.7 82.7
40-50 40.9 31.2 379.2 9.1 6.9 84.0
50-60 33.2 29.0 316.9 8.8 7.6 83.6
60-70 31.5 27.5 399.7 6.9 6.0 87.1
70-80 27.3 19.1 381.5 6.4 4.5 89.2
80-90 27.8 20.4 377.1 6.5 4.8 88.7

Profile 3
0-10 50.5 36.5 356.7 11.4 8.2 80.4
10-20 50.6 38.7 358.5 11.3 8.6 80.1
20-30 51.4 37.9 353.1 11.6 8.6 79.8
30-40 43.0 34.3 334.5 10.4 8.3 81.2
40-50 40.9 35.1 313.2 10.5 9.0 80.5
50-60 33.2 41.7 319.2 8.4 10.6 81.0
60-70 31.5 28.7 296.5 8.8 8.1 83.1
70-80 27.3 22.9 190.4 11.3 9.5 79.1
80-90 27.8 17.1 117.3 17.2 10.6 72.3
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of the form of nitrogen were also observed by jonczaK (2012) in the soils of 
spring niches in the Jarosławianka Creek valley (0.003-0.018 g kg-1), and is 
probably a characteristic feature of soils of headwater areas. Much higher 

Table 3
Correlation coefficients between the content (g kg-1) of carbon and nitrogen forms and some 

properties of the soils (in bold correlations statistically significant at p < 0.05)

Specification EHC WHC NHC NO3-N NH4-N DON EHN WHN NHN
SOM (%) 0.727 0.813 0.810 0.263 0.535 0.258 0.671 0.713 0.860
TOC (%) 0.529 0.586 0.979 0.260 0.388 0.204 0.547 0.554 0.875
TN (%) 0.794 0.810 0.706 0.299 0.673 0.344 0.843 0.868 0.801

TOC:TN -0.611 -0.584 0.146 -0.033 -0.570 -0.219 -0.671 -0.714 -0.185
pHH2O 0.272 0.190 0.088 0.294 0.280 0.288 0.215 0.303 0.169

H 0.292 0.290 0.297 0.276 0.328 0.188 0.475 0.505 0.225

Table 4
The content of nitrogen forms in the soils and their contribution in TN

Depth
(cm)

Content (g kg-1) Contribution in TN (%)

NO3-N NH4-N DON EHN WHN NHN NO3-N NH4-N DON EHN WHN NHN
Profile 1

0-10 0.011 0.337 0.394 8.02 11.31 12.91 0.03 1.02 1.20 24.32 34.30 39.13
10-20 0.008 0.246 0.267 7.94 11.28 13.85 0.02 0.73 0.80 23.63 33.59 41.23
20-30 0.007 0.182 0.120 5.88 14.17 12.05 0.02 0.56 0.37 18.14 43.72 37.18
30-40 0.005 0.174 0.029 5.34 8.62 15.95 0.02 0.58 0.10 17.73 28.63 52.96
40-50 0.004 0.099 0.093 3.74 9.15 13.20 0.02 0.38 0.35 14.24 34.81 50.21
50-60 0.004 0.091 0.056 3.72 7.16 10.72 0.02 0.42 0.26 17.09 32.93 49.29

Profile 2
0-10 0.012 0.305 0.269 5.25 11.81 15.29 0.04 0.93 0.82 15.93 35.87 46.42

10-20 0.008 0.189 0.190 5.06 9.69 16.81 0.03 0.59 0.60 15.82 30.34 52.63
20-30 0.005 0.149 0.127 4.44 9.42 16.37 0.02 0.49 0.42 14.55 30.88 53.65
30-40 0.004 0.104 0.085 3.97 9.23 16.35 0.02 0.35 0.29 13.34 31.04 54.97
40-50 0.006 0.110 0.105 4.22 9.28 17.06 0.02 0.36 0.34 13.72 30.14 55.42
50-60 0.007 0.081 0.099 3.69 8.20 13.87 0.03 0.31 0.38 14.22 31.61 53.46
60-70 0.004 0.085 0.167 2.99 7.42 17.13 0.02 0.30 0.60 10.76 26.68 61.64
70-80 0.008 0.043 0.149 1.63 4.60 13.06 0.04 0.22 0.76 8.35 23.63 67.00
80-90 0.008 0.067 0.112 1.73 4.57 15.02 0.04 0.31 0.52 8.06 21.23 69.84

Profile 3
0-10 0.007 0.241 0.182 5.19 8.55 15.57 0.02 0.81 0.61 17.46 28.74 52.35

10-20 0.003 0.073 0.100 4.68 9.28 15.18 0.01 0.25 0.34 15.97 31.65 51.78
20-30 0.004 0.201 0.075 4.78 9.24 18.89 0.01 0.61 0.23 14.40 27.83 56.93
30-40 0.008 0.169 0.148 4.39 9.05 14.81 0.03 0.59 0.52 15.37 31.67 51.82
40-50 0.005 0.102 0.105 4.43 9.24 15.38 0.02 0.35 0.36 15.13 31.58 52.56
50-60 0.007 0.120 0.125 3.63 10.56 16.70 0.02 0.38 0.40 11.65 33.91 53.63
60-70 0.006 0.094 0.098 1.90 6.52 11.15 0.03 0.48 0.49 9.62 33.00 56.39
70-80 0.006 0.069 0.141 1.23 4.95 6.66 0.04 0.53 1.08 9.45 37.92 50.98
80-90 0.003 0.056 0.083 1.16 4.28 5.50 0.03 0.51 0.75 10.50 38.58 49.63
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concentrations were noticed by KaLeMBaSa and BecHer (2009) in peat-muck 
soils in the Liviec River valley (E Poland) – 0.053-0.090 g·kg-1.

The content of NH4-N in the studied soils was 0.043-0.337 g kg-1 (0.22-1.02% 
in TN) – Table 4. Both the content of NH4-N and its contribution in TN were 
the highest in the surface horizons of the soils (0-10 cm) and decreased with 
depth. The observed concentrations of the form were higher than noticed by 
KaLeMBaSa and BecHer (2009), who noticed 0.137-0.200 g kg-1 in Mt horizons 
and 0.095-0.158 g kg-1 in Otni horizons of peat-muck soils. DON is the most 

Table 5
The values of EHC:EHN, WHC:WHN and NHC:NHN ratios

Depth  
(cm) EHC:EHN WHC:WHN NHC:NHN

Profile 1
0-10 6.9 3.1 25.3
10-20 7.4 2.7 23.9
20-30 8.0 2.4 29.8
30-40 7.4 4.0 22.8
40-50 8.5 2.4 24.9
50-60 8.7 3.1 25.2

Profile 2
0-10 8.7 3.1 22.9

10-20 9.3 3.3 20.2
20-30 10.9 3.5 22.9
30-40 10.3 3.8 22.6
40-50 9.2 3.4 22.2
50-60 8.6 3.5 22.9
60-70 9.7 3.7 23.3
70-80 14.9 4.1 29.2
80-90 14.5 4.5 25.1

Profile 3
0-10 9.9 4.3 22.9

10-20 10.1 4.2 23.6
20-30 9.4 4.1 18.7
30-40 9.1 3.8 22.6
40-50 9.1 3.8 20.4
50-60 9.0 4.0 19.1
60-70 10.8 4.4 26.6
70-80 11.7 4.6 28.6
80-90 11.4 4.0 21.3
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labile form, being also most susceptible to mineralization of organic nitrogen. 
In the analyzed soils, DON contributed 0.10-1.20% in TN, and its concentra-
tion ranged from 0.029 to 0.394 g kg-1. The highest content of the form was 
observed in the surface layer. 

The contribution of hydrolyzable forms of nitrogen to TN was 29.29-61.86%. 
WHN predominated in the pool, with the content 1.4-4.0-fold higher than 
EHN. The content of hydrolyzable forms of nitrogen decreased with depth. 
The content of EHN and WHN was significantly positively related to the 
content of SOM, TOC, TN and degree of the decomposition of peat mass, 
being negatively correlated to the TOC:TN ratio (Table 3). NHN contributed 
37.18-69.84% to TN, with concentrations of 5.50-18.89 g kg-1. The observed 
dominance of hydrolyzable and nonhydrolyzable forms in the pool of TN is 
consistent with the data of other authors (HerSeMann 1987, SHarpLey, SMitH 
1995, SuLce et al 1996 KaLeMBaSa, BecHer 2009, BecHer, KaLeMBaSa 2011). A 
specific feature of the investigated Histosols is a high dominance of nonhy-
drolyzable forms over hydrolyzable ones, which can be a result of intensive 
leaching of labile forms of elements by the permanent flow of groundwater. 

The significant differences between EHC:EHN, WHC:WHN and NHC: 
NHN suggest variability in the content of nitrogen in fractions of organic 
compounds characterized by different susceptibility to hydrolysis. The lo-
west C:N ratios were observed in weakly hydrolyzable fractions (2.4:1-4.6:1), 
whereas the highest ones appeared in nonhydrolyzable ones (18.7:1-29.8:1) 
– Table 5. The lowest ratios of C:N in weakly hydrolyzable fractions can be 
to some extent a result of the hydrolysis of bodies of microorganisms, which 
are relatively resistant to hydrolysis and rich in nitrogen, hence being a si-
gnificant source of soil nitrogen.

conclusions

The results of our studies show that specific environmental conditions 
of headwater areas have a strong impact on associated organic soils, their 
properties and vertical distribution of the forms of carbon and nitrogen.  
The investigated Histosols were rich in SOM (317.3-829.0 g kg-1) and TOC 
(162.2-459.5 g kg-1). NHC dominated in the pool, with the contribution from 
72.3 to 89.2% in TOC. EHC accounted for 6.4-17.2% of TOC (27.3-62.2 g kg-1).  
The content of TN was 11.08-33.59 g kg-1. Mineral nitrogen constituted  
0.26-1.05% of TN and NH4-N dominated in the pool with concentra-
tions of 0.043-0.337 g kg-1 and the contribution in mineral nitrogen 
from 84.55 to 98.27%. In general, the observed concentrations of NO3-N 
were lower and those of NH4-N higher than observed in organic soils 
by other authors. Hydrolyzable or nonhydrolyzable forms of nitrogen 
were major components of TN with the contributions 29.29-61.86% and 
37.18-69.84%, respectively, which is consistent with the data of other 
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authors. WHN predominated in the pool of hydrolyzable nitrogen, and 
its content was 1.4-4.0-fold higher than EHN. Quantitative proportions 
between hydrolyzable and nonhydrolyzable forms of nitrogen varied 
vertically. An increase in the content of nonhydrolyzable and a decre-
ase in hydrolyzable forms occyrred with depth. The vertical distribu-
tion of nitrogen forms (probably typical for the soils of headwater areas)  
is an effect of the vertically varied intensity of biochemical proces-
ses (maximum one in bog horizons) and intensive leaching of the soils  
over the mineral bed caused by groundwater. The content of EHC, WHC, 
NHC, NH4-N, EHN, WHN and NHN in most cases was significantly positi-
vely related to the content of SOM, TOC, TN, but negatively to the TOC:TN 
ratio.
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Abstract

The content of macro- and microelements in milk depends on a variety of environmental, 
genetic and physiological factors. The aim of the study was to determine the effect of the region 
of production and stage of lactation, associated with the production season, on the content of se-
lected macro- and microelements, including potentially toxic elements, in goat milk. The material 
consisted of goat milk samples collected from farms in two regions of Poland: 74 samples from 
central-eastern Poland (the Provinces of Lublin and Świętokrzyskie) and 149 from southern Poland 
(the Bieszczady mountains). The milk was collected in three seasons: winter (75 samples), summer 
(111) and autumn-winter (37). In each milk sample, the percentage of casein, protein, fat, lactose 
and dry matter was determined, as well as the concentrations of K, Ca, Na, Mg, Zn, Fe, Cu and 
Mn. K, Ca, Na, Mg and Zn using a Varian 240FS AA spectrometer, by the flame atomic absorption 
technique, while Fe, Cu and Mn were determined in a graphite furnace with the Zeeman back-
ground correction, using a Varian 240Z AA spectrometer. The goats’ production peak was in the 
summer, when they were at pasture. From mid-lactation they produced milk with significantly (p 
≤ 0.01) higher concentration of components. Milk obtained in stage I of lactation (winter feeding) 
was the richest source of Zn, Fe and Cu, while stage II milk (summer feeding) had the highest K 
content, and stage III milk (autumn-winter feeding) had the highest content of Ca, Na, Mg and 
Mn. Concentration of Zn, Fe and Cu decreased over the course of lactation. Milk obtained in the 
Bieszczady mountain region had significantly (p ≤ 0.01) higher content of dry matter, fat and pro-
tein. It also contained significantly (p ≤ 0.01) more Ca, Na, and Mg, and less K and Zn in compar-
ison with the milk of the goats raised in central-eastern Poland. The highest positive correlation 
coefficients were noted between the content of Ca and Mg, Zn and Fe, Zn and Cu, Na and Mg, and 
Fe and Cu, while K content was negatively correlated with that of Na, Ca and Mg (p ≤ 0,001).

Key words: goat milk, macro- and microelements, lactation stage, production season, region  
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introduction

Milk is a food of particular interest, both in terms of its nutritional value 
and its effect on health. Its high calcium content is the main argument put 
forward in milk promotion campaigns for maintaining the privileged position 
of milk in the daily diet (HozyaSz, SłowiK 2013). 

In Poland, most available milk is obtained from cows, but some small 
quantities originate from goats. BarłowSKa et al. (2013) demonstrated that 
goat milk is a more valuable source of calcium, potassium, iron, copper and 
manganese than cow milk. Studies by other authors confirm this observa-
tion, having detected more magnesium and zinc than in cow milk (BeLewu,  
aiyeGBuSi 2002, SoLiMan 2005, parK et al. 2007, ceBaLLoS et al. 2009,  
zaMBerLin et al. 2012). Thus goat milk can be an alternative source of cal-
cium as well as other elements.

Nevertheless, the chemical composition of milk, including the content 
of macro- and microelements, is not constant. It depends on a variety of 
environmental, genetic and physiological factors (danKów, piKuL 2011).

The aim of the study was to determine the effect of the region of produc-
tion and the stage of lactation (associated with the production season) on the 
content of selected macro- and microelements in goat milk.

material and methods 

The material for the study consisted of 223 goat milk samples collected 
from two regions of Poland: 74 samples from central-eastern Poland (the 
Provinces of Lubelskie and Świętokrzyskie) and 149 from southern Poland 
(the Bieszczady mountains). The milk was collected during three production 
seasons, which were closely linked to the stage of lactation: winter – the be-
ginning of lactation (75 samples), summer – the peak of lactation (111) and 
autumn-winter – the end of lactation (37). 

The milk was transported in thermal bags with freezer packs to the 
laboratory of the Department of Commodity Science and Processing of Raw 
Animal Materials, University of Life Sciences in Lublin (aoac 2000b).

The chemical composition of the milk was evaluated in an Infrared Milk 
Analyzer. The percentages of fat, protein, lactose and dry matter were deter-
mined. The casein content was measured by the Walker method according to 
AOAC (2000a). The concentration of selected macro- and microelements was 
determined by atomic absorption spectrometry. 1 ml of milk was poured into 
each polytetrafluoroethylene flask together with 6 ml suprapure nitric acid 
(65%). The solutions were mineralized under increased pressure in a CEM 
MARS 5 Xpress microwave digester. Then, the mineralized samples were qu-
antitatively transferred using deionized water into 25 cm3 volumetric flasks. 



109

For the determination of Ca, Mg, K and Na, buffer was added to the samples 
according to Schinkel (10 g L-1 CsCl + 100 g L-1 La), so that the final solution 
contained 1% of the buffer. The concentrations of K, Ca, Na, Mg and Zn were 
determined on a Varian 240FS AA spectrometer, using the flame atomic ab-
sorption technique (air-acetylene flame). Fe, Cu and Mn were determined in 
a graphite furnace with the Zeeman background correction (in argon atmo-
sphere) using a Varian 240Z AA spectrometer. Parallel to the experimental 
samples, the certified reference material NCS ZC 73015 Milk Powder and 
blank samples were analysed. The recovery of certified reference material for 
the analyzed elements ranged from 95 to 105%. Standard deviation between 
replicate measurements was no more than 5%.

The results were analysed statistically using Statistica ver. 6 (StatSoft 
Inc. 2003). Significance of differences between means was determined using 
the Tukey’s test, at p () = 0.05 and p = 0.01. The Pearson’s correlation coef-
ficients between concentrations of macro- and microelements were calculated 
as well.

results and discussion 

In goats, as in sheep, the sexual activity is seasonal. Hence, the stage of 
lactation is closely linked to the season of production. Lactation usually be-
gins in the first months of the year, that is during the winter feeding period, 
when goats are fed on roughage. After they are turned out to pasture, daily 
milk yield increases, and later (in the autumn months) it decreases steadily 
until the dry period. Table 1 shows that in the early lactation period (early 
spring – winter feeding) the mean daily yield of goats was 1.44 kg of milk. 
The peak production (2.04 kg) was noted in the summer, when goats were at 
pasture, but it fell to 1.16 kg per day near the end of lactation (autumn-win-
ter feeding). From mid-lactation, goats produced milk with significantly (p ≤ 
0.01) higher concentrations of milk components. The lowest levels of these 
components were noted in the milk from the initial lactation period. A simi-
lar relationship was observed by KráLíČKoVá et al. (2012), who found that da-
ily milk yield decreased from the beginning to the end of lactation, while the 
content of dry matter, protein, fat and casein increased from day 190 to the 
end of lactation.StrzałKowSKa et al. (2009) compared daily milk yield and the 
basic chemical composition of milk from Polish White Improved goats during 
three stages of lactation (day 60, 120 and 200). The highest milk yield was 
noted on day 120 of lactation (1.38 kg), with the lowest content of fat (3.38%) 
and dry matter (11.83%). The lowest protein content (2.98%), however, was 
observed on day 60 after parturition. MeStawet et al. (2012), in contrast, 
found that the concentration of dry matter, fat and protein in goat milk was 
significantly higher (p < 0.001) in the early and late stages of lactation than 
in the middle one. 
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Analysis of the effect of the production region on production parameters 
among goats revealed significant differences (p ≤ 0.01) only in the content 
of dry matter, fat and protein, with higher levels noted in the milk from the 
Bieszczady mountain region (Table 1). 

Table 1 
Daily milk yield and basic chemical composition of the goat milk (x, SD)

Specification

Stage of lactation (feeding period) Region of production

stage I
(winter- 
feeding)

stage II
(summer- 
feeding)

stage III 
(autumn- 

winter  
feeding)

the southern- 
-Poland  

(the Bieszczady 
mountains)

the central- 
-eastern  
Poland  

(Lubelskie  
and Świętokrzyskie 

Provinces) 
n 75 111 37 149 74

Daily yield  
of milk (kg)

1.44A

0.90
2.04B

1.04
1.16A

0.88
1.66
1.10

1.77
0.88

Casein (%) 2.03A

0.61
2.48B

0.27
2.54B

0.34
2.30
0.55

2.42
0.25

Protein (%) 2.85A

0.62
3.12B

0.45
3.14B

0.40
3.17Y

0.46
2.77X

0.53

Fat (%) 3.43A

0.89
3.70B

0.61
3.79B

0.48
3.82Y

0.70
3.22X

0.54

Lactose (%) 4.48B

0.42
4.33A

0.30
4.51B

0.50
4.42
0.38

4.39
0.39

Drymater (%) 11.46A

1.35
11.86B

1.15
12.15B

1.12
12.12Y

1.25
11.08X

0.85

A, B – differences between stage of lactation (feeding period) significant at p ≤ 0.01; 
a, b – significant at p ≤ 0.05; X, Y – differences between production regions significant at p ≤ 0.01;  
x, y – significant at p ≤ 0.05

Concentrations of most of the tested elements were found to vary over 
the course of lactation, which was linked to the season of production (Table 
2). Milk collected during lactation stage II was the richest source of potas-
sium (1938.8 mg L-1), while milk from the final stage contained most calcium, 
sodium and magnesium. The lowest concentrations of these elements were 
noted in milk collected during stage II of lactation (the production peak), 
which was confirmed statistically (p ≤ 0.01).

Zinc, copper and iron decreased over the course of lactation. The diffe-
rence between lactation stages I and III was 0.92 mg L-1 and 0.065 mg L-1  
(p ≤ 0.01) for zinc and copper, respectively, and 0.136 mg L-1 for iron,  
although in the case of iron the difference was statistically insignificant, 
probably due to its substantial variability. A reverse tendency was noted in 
the case of manganese, whose concentration was the lowest at the beginning 
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of lactation (0.056 mg L-1), but more than twice as high at the final stage of 
lactation – 0.125 mg L-1 (p ≤ 0.01). 

The results of our study are confirmed by MeStawet et al. (2012), who 
report that the Ca concentration in goat milk was significantly higher  
(p < 0.001) in the first and last stages of lactation than in the middle stage. 
The Na and Mg content was the highest in the final stage, while Zn decre-
ased over the course of lactation.trancoSo et al. (2009) evaluated the content 
of macro- and microelements in goat milk over the course of lactation from 
November to May, but did not observe any clear trends. The milk collected 
in December (second month of lactation) had the highest manganese con-
tent, while the milk from January (third month) was the richest in sodium, 
calcium, magnesium and iron. The milk with the highest concentration of 
heavy metals, i.e. zinc and copper, was collected in November. Only zinc was 
found to be decreasing over the course of lactation, which is confirmed by the 
present study. A study by aL-waBeL et al. (2008) on milk collected from goats 

Table 2
Content of selected mineral elements in goat milk (x, SD)

Specification

Stage of lactation (feeding period) Region of production

stage I
(winter- 
feeding)

stage II
(summer-
feeding)

stage III 
(autumn- 

winter  
feeding)

the southern  
Poland 

(Bieszczady 
mountains)

the central  
eastern Poland 
(Lubelskie and 
Świętokrzyskie 

Provinces)

n 75 111 37 149 74

K (mg L-1) 1845.2a

345.8
1938.8b

241.5
1769.1a

225.2
1835.1X

252.3
1968.0Y

325.3

Ca (mg L-1) 1190.5B

460.5
1049.8A

199.4
1241.3B

337.7
1182.0Y

367.3
1022.0X

245.1

Na (mg L-1) 346.0Ab

187.8
294.1Aa

60.1
464.5Bc

190.8
366.9Y

156.3
285.4X

127.3

Mg (mg L-1) 121.0Ab

32.0
112.5Aa

17.3
169.4B

33.9
132.6Y

35.4
109.1X

19.8

Zn (mg L-1) 3.32B

1.58
2.73A

1.09
2.40A

1.18
2.56X

0.99
3.50Y

1.67

Fe (mg L-1) 0.701
0.352

0.642
0.345

0.565
0.341

0.641
0.335

0.666
0.376

Cu (mg L-1) 0.161B

0.095
0.113A

0.061
0.096A

0.044
0.124
0.063

0.131
0.96

Mn (mg L-1) 0.056A

0.018
0.086B

0.044
0.125C

0.058
0.085
0.051

0.078
0.035

A, B – differences between lactation stage (feeding period) significant at p ≤ 0.01;  
a, b, c – significant at p ≤ 0.05; X, Y – differences between production region significant at p ≤ 0.01; 
x, y – significant at p ≤ 0.05
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raised in the dry climate of Saudi Arabia, determined the concentrations of 
Ca (751.7 mg kg-1), K (123.85 mg kg-1) and Na (101.3 mg kg-1) in the second 
month of lactation, hence much lower than the ones noted in the present 
study, and a higher content of Fe (4.908 mg kg-1), Mn (1.129 mg kg-1) and 
Cu (0.570 mg kg-1). BarłowSKa et al. (2013) report that the production season 
had a significant effect on most of the elements tested. The milk produced 
by goats contained more calcium, sodium, magnesium and copper in the au-
tumn-winter season, and higher levels of potassium in the spring-summer 
season. An Italian study by coni et al. (1996) found that goat milk collected 
in the summer had a higher content of copper, iron and magnesium, while 
winter milk had higher levels of manganese and zinc. KondyLi et al. (2007) 
also observed seasonal changes in the most important macroelements, i.e. 
Ca, P and K, and microelements, i.e. Cu and Zn.

The data in Table 2 show that the milk of goats raised in the Bieszcza-
dys contained significantly (p ≤ 0.01) more calcium, sodium, and magnesium, 
while the milk from central-eastern Poland had a higher concentration of 
potassium. Higher concentrations of the heavy metals tested, i.e. zinc and 
copper, were noted in the milk from the central-eastern region of Poland 
(3.50 mg L-1 and 0.131 mg L-1, respectively), in comparison with the Bieszcza-
dy mountains (2.56 mg L-1 and 0.124 mg L-1). However, the differences were 
statistically significant (p ≤ 0.01) only in the case of Zn. doBrzańSKi et al. 
(2009) found a substantially higher copper concentration in goat milk than 
in the present study, both in industrial regions (0.672 mg L-1), and in regions 
regarded as unpolluted (0.249 mg L-1). KróL et al. (2012), in a study on cow 
milk, also found that the season and region of production had a significant 
effect on content of Zn, Cu, Mn, Cd and Pb, but not Fe.

The correlation coefficients presented in Table 3 between concentrations 
of macro- and microelements show a positive correlation between calcium 
and magnesium (r = 0.65***), calcium and copper (r = 0.22***), zinc and 
iron (r = 0.42***), zinc and copper (r = 0.46***), sodium and magnesium 
(r = 0.41***) and iron and copper (r = 0.48***). The potassium content in 

Table 3
Correlation coefficients between content of macro- and microelements in the goat milk (mg L-1)

Elements K Ca Na Mg Zn Fe Mn
Ca -0.36*** -
Na -0.52*** 0.05 -
Mg -0.32*** 0.65*** 0.41*** -
Zn 0.13* 0.20** -0.06 0.11 -
Fe -0.10 0.15* 0.03 0.12 0.42*** -
Mn 0.06 -0.02 0.11 0.20** -0.04 -0.11 -
Cu -0.05 0.22*** 0.01 0.07 0.46*** 0.48*** -0.21***

* values significant at p ≤ 0.05; ** at p ≤ 0.01; *** at p ≤ 0.001
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goat milk, on the other hand, was negatively correlated with that of sodium 
(r = -0.52***), calcium (r = -0.36***) and magnesium (r = -0.32***), and 
the manganese content - with that of copper (r = -0.21***). piLarczyK et al. 
(2013) evaluated milk of Holstein-Friesian and Simmental cows, obtaining 
high correlation coefficients between the content of magnesium and calcium 
(r = 0.62** and r = 0.89***) and between zinc and copper (r = 0.46* and  
r = 0.57**), which is confirmed by the present study. SiKirić et al. (2003) 
report higher correlation coefficients between Cu and Fe (r = 0.613), Cu and 
Zn (r = 0.629) and Cu and Ca (r = 0.629) than those observed in the present 
study. 

conclusions

1. The highest milk yield was observed during the summer season, when 
the goats were at pasture. From mid-lactation, the concentration of milk 
components increased significantly (p ≤ 0.01). The milk from the Bieszczady 
region had a significantly (p ≤ 0.01) higher content of dry matter, fat and 
protein compared with the Lubelskie and Świętokrzyskie Provinces. 

2. Milk obtained from goats in stage I of lactation (winter feeding) was 
the richest source of Zn, Fe and Cu, while milk from stage II (summer fe-
eding) was the highest in K, and milk from stage III (autumn-winter feeding) 
was the highest in Ca, Na, Mg and Mn. Concentrations of zinc, iron, and 
copper decreased over the course of lactation. 

3. Milk obtained from goats raised in the Bieszczady mountain region 
contained significantly (p ≤ 0.01) more Ca, Na and Mg, and less K and Zn 
than from the goats kept in central-eastern Poland. 

4. The highest positive correlation coefficients were noted between the 
content of Ca and Mg, Zn and Fe, Zn and Cu, Na and Mg, and Fe and Cu, 
whereas the K content was negatively correlated with that of Na, Ca and Mg.
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CONTENT IN TOMATO (lycoPersicon 

esculentum MILL.) LEAVES 
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Abstract 

Manganese (Mn) is a microelement, but it is also a heavy metal whose excess may have 
a toxic effect on plants. The aim of the study was to evaluate the effect of an application of 
increasing Mn concentrations added to a nutrient solution on the content of macro- and mi-
cronutrients in tomato leaves (Lycopersicon esculentum Mill., cv. Alboney F1 and Emotion F1). 
Plants were grown in rockwool using a nutrient solution with the following content of manga-
nese (mg dm-3): 0.06; 0.3; 0.6; 1.2 (experiment I, in 2008-2011); 2.4, 4.8; 9.6; 19.2 mg dm-3 (expe-
riment II, in 2012) – designated the symbols Mn-0; Mn-0.3; Mn-0.6; Mn-1.2; Mn-2.4; Mn-4.8; 
Mn-9.6; Mn-19.2. The nutrient solution used for plant fertigation had the following chemical 
composition (mg dm-3): N-NH4 2.2, N-NO3 230, P 50, K 430, Ca 145, Mg 65, Cl 35, S-SO4 120, 
Fe 2.48, Zn 0.50, Cu 0.07, pH 5.50, EC 3.00 mS cm-1. Manganese significantly influenced the 
content of other macro- and microelements in leaves. In variant Mn-0, the content of N, P, K, 
Ca, Mg, Mn decreased, while that of of Fe, Zn, Cu was higher; in Mn-1.2, the content of N, Mg, 
Fe, Zn decreased and that of P, K, Ca, Mn increased compared with the variants which ensured 
optimal yielding. In the range of manganese nutrition from Mn-4.8 to Mn-19.2, N, K, Mg, Fe, 
Zn, Cu were lower and the content of P and Mn was higher (above optimal). The cultivar signifi-
cantly modified the nutrient status of plants concerning nitrogen (for Mn-9.6 and Mn-19.2), pho-
sphorus (for Mn-1.2 and Mn-2.4), potassium (for Mn-4.8 and Mn-9.6), calcium (for Mn-0, Mn-1.2, 
Mn-9.6), magnesium (Mn-0 and Mn-0.6), iron (Mn-0, Mn-0.3, Mn-9.6), manganese (Mn-0.3, Mn-
1.2, Mn-2.4, Mn-19.2), iron (Mn-0, Mn-0.3, Mn-9.6), zinc (Mn-0.6, Mn-1.2, Mn-2.4, Mn-9.6) and 
copper (Mn-2.4, Mn-4.8, Mn-9.6, Mn-19.2). Briefly, both deficit or excess manganese nutrition 
could induce disorders in the uptake of other nutrients, which may influence plant yielding. 

Key words: manganese, index parts, hydroponic, nutrient status.

introduction 

Manganese (Mn) is a metallic microelement serving several physiolo-
gical functions in plants (Lidon et al. 2004, ducic, poLLe 2005, HuMpHrieS 
dr inż. Tomasz Kleiber, Chair of Plant Nutrition, University of Life Sciences in Poznań,  
Zgorzelecka 4, 60-198 Poznań, Poland, phone: 061 8466312, e-mail: tkleiber@up.poznan.pl
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et al. 2007). This nutrient may have both a synergistic and antagonistic 
effect on the uptake of other nutrients, e.g. iron, zinc and copper. Typically, 
competition is found between ions of a similar diameter, such as manganese 
(0.075 nm) and iron (0.065 nm) or calcium (0.099 nm) (MarScHner 1998). 
When present in prevailing amounts, manganese may be a strong antagonist 
towards many nutrients. The same author claimed that the range of opti-
mal manganese concentrations is very narrow, in which it resembles other 
microelements. According to HorSt (1988), the natural defence process in 
plant organisms against stress evoked by this element involves accumulation 
of Mn in cell sites which are physiologically rather inactive. SHenKer et al. 
(2004) found a significant reduction of zinc translocation in plants under the 
influence of manganese. Very often manganese leads to symptoms of deficits 
of other nutrients, i.e. calcium, magnesium and iron (Lee 1972, HorSt, Mar-
ScHner 1978a, Foy et al. 1981, FLeMinG 1989). KaSraei et al. (1996) indicated 
that within a certain nutritional range manganese may have a negative ef-
fect on the uptake of potassium and sodium as well as phosphorus. GaLVez et 
al. (1989) indicated that a higher level of manganese in a nutrient solution 
depresses the uptake of potassium, calcium, magnesium, zinc, copper and 
silicon, causing a simultaneous increase in phosphorus. Excess manganese 
may reduce the magnesium uptake by as much as 50% (Kazda, znaceK 1989). 
At the same time, SaVVaS et al. (2009) stated the lack of any effect of man-
ganese on the content of potassium, calcium and magnesium, at a simulta-
neous reduction of the iron and zinc content. In the Chinese cabbage culture 
exposed to the influence of manganese Lee et al. (2011) observed a reduced 
content of magnesium and calcium as well as absence of significant changes 
in the potassium content in outer leaves; in inner leaves there was an in-
crease in the nitrogen and phosphorus content accompanied by a decrease 
in potassium. cLarK (1982) reported that intensive nutrition of plants with 
manganese leads to a decrease in the content of potassium, calcium, magne-
sium, zinc and silicon together with a simultaneous increase in phosphorus. 
Landi, FaGioLi (1983) showed no effect of manganese on copper uptake by 
maize roots. KoziK et al. (2008) stated that an increasing content of manga-
nese in the substrate had a significant effect on the zinc nutrient status in 
lettuce causing its deterioration, but no such an effect on iron and copper. 
In certain conditions, some ions (e.g. silicon, iron, calcium, magnesium) may 
reduce toxicity of manganese to plants (Heenan, carter 1975, HorSt, Mar-
ScHner 1978b, LoHniS 1960, oSawa, iKeda 1976). 

The aim of this study was to evaluate the effect of increasing manganese 
concentrations applied in a nutrient solution used for fertigation on the con-
tent of macro- and microelements in leaves of tomato.
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material and methods

In 2008-2012, plant growing experiments were conducted in a green-
house of the Department of Plant Nutrition, the Poznań University of Life 
Sciences. The facilities were equipped with a modern, computer-controlled 
fertigation system and energy-conservation curtains. The detailed metho-
dology was presented earlier (KLeiBer 2014). The experiments were conduc-
ted on two cultivars of tomato (Lycopersicon esculentum Mill.): Alboney F1  
and Emotion F1, and with 8 levels of manganese nutrition (2 factors: A: 
manganese nutrition; B: cultivar). Plants were grown in standard rockwool  
(100 x 15 x 7.5 cm; V 11.25 dm3; 60 kg m-3) at a stocking density of 2.5 plants m-2. 
The experiments were set in a completely randomized block design with 4 
replications (4 plants were 1 replication). Biological pest control was applied. 
All cultivation measures were performed in accordance with the current re-
commendations for tomato growing (adaMicKi et al. 2005).

Seeds were sown to cultivation cups in the 1st decade of March in each 
year of the study. After 2-3 weeks, seedlings were transplanted to rockwool 
cubes (10×10×10 cm). Transplants were moved to permanent beds in mid
-April. The experiment was concluded on 30 September in each year of the 
study. Following their transplantation to the permanent site, tomato plants 
were fertigated with a standard nutrient solution of the following chemical 
composition (in mg dm-3): 2.2 N-NH4, 230 N-NO3, 50 P, 430 K, 145 Ca, 65 
Mg, 35 Cl, 120 S-SO4, 2.48 Fe, 0.50 Zn, 0.07 Cu. The pH was 5.50 and EC 
was 3.00 mS cm-1. The following levels of plant nutrition with manganese 
were studied: 0.06, 0.3, 0.6, 1.2 mg dm-3 (experiment I, in 2008-2011 year), 
2.4, 4.8, 9.6, 19.2 mg dm-3 (experiment II, in 2012) – denoted respectively 
as Mn-0, Mn-0.3, Mn-0.6, Mn-1.2, Mn-2.4, Mn-4.8, Mn-9.6 and Mn-19.2.  
The manganese content in Mn-0 corresponds to the content of this ion in 
water used to prepare the nutrient solution for plant fertigation. Manganese 
sulfate (MnSO4 H2O, 32.3% Mn) was the source of manganese in the other 
tested combinations. The nutrient solution dose depended on the develop-
ment phase of plants and climatic conditions. In the period of intensive plant 
yielding and high temperatures (months June – July), 3.0-3.5 dm3 nutrient 
solution per plant were applied daily, in 15–20 single doses at 20–30% out-
flowing of drainage solution. 

In the course of the experiments, samples of index parts (8th-9th fully 
expanded leaves counting from the apex) were collected at monthly inter-
vals (15.06, 15.07 and 16.08 each of the years of the study). One bulk sam-
ple comprised 12 leaves. Collected leaves were dried at 45-50°C and then 
ground. For assays of total nitrogen, phosphorus, potassium, calcium and 
magnesium, the plant material was mineralized in concentrated sulfuric acid 
(iunG 1972). After mineralization of the plant samples, chemical analyses 
were performed using the following methods: N-total according to Kjeldahl 
in a Parnas-Wagner distillation apparatus, P by colorimetry with ammoni-
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um molybdate, and K, Ca, Mg by atomic absorption spectrometry (in a Carl 
Zeiss Jena apparatus). For determinations of total iron, manganese, zinc and 
copper, the plant material was mineralized in a mixture of dioxonitric and 
tetraoxochloric acids (3:1 v/v). After mineralization, Fe, Mn, Zn and Cu were 
determined according to ASA. Results of chemical analyses of leaves to deter-
mine their content of macro- and microelements were subjected to analysis 
of variance, independently for each experiment, using the Duncan test at a 
significance level of α = 0.05.

results ans discussion

In both experiments. a significant influence of manganese nutrition on 
the nitrogen content in index parts of tomato was found (Table 1). In Expe-
riment I, the lowest content of that macroelement was found in Mn-0 and  

Table 1 
The influence of manganese nutrition on macroelement content in tomato leaves  

(express in % in d.m.)

Cultivar
Experiment I Experiment II

Mn-0 Mn-0.3 Mn-0.6 Mn-1.2 Mn-2.4 Mn-4.8 Mn-9.6 Mn-19.2
n

Alboney F1 3.52 ab 3.85 b 3.48 ab 3.37 a 3.21 cd 3.01 bc 3.12 cd 2.87 b
Emotion F1 3.27 a 3.59 ab 3.56 ab 3.34 a 3.27 d 3.15 cd 2.87 b 2.59 a

Mean 3.40 A 3.72 B 3.52 AB 3.36 A 3.24 C 3.08 B 3.00 B 2.73 A
P

Alboney F1 0.57 a 0.66 b 0.73 bc 0.93 d 1.01 cd 0.97 bc 0.96 bc 1.05 de
Emotion F1 0.49 a 0.74 bc 0.76 bc 0.80 c 0.84 a 0.91 ab 1.04 c-e 1.11 e

Mean 0.53 A 0.70 B 0.75 B 0.87 C 0.93 A 0.94 A 1.00 B 1.08 C
k

Alboney F1 4.33 a 5.12 b 5.57 c 5.93 de 5.48 e 5.23 d 4.25 c 4.14 a-c
Emotion F1 4.56 a 4.99 b 5.77 cd 6.14 e 5.42 de 4.20 bc 3.97 ab 3.92 a

Mean 4.45 A 5.06 B 5.67 C 6.04 D 5.45 C 4.72 B 4.11 A 4.03 A
ca

Alboney F1 2.55 a 2.94 bc 3.32 ef 3.44 f 3.47 bc 3.59 c 4.02 d 3.45 a-c
Emotion F1 2.83 b 3.05 cd 3.28 ef 3.21 de 3.35 a-c 3.43 a-c 3.25 ab 3.19 a

Mean 2.69 A 3.00 B 3.30 C 3.33 C 3.41 AB 3.51 BC 3.64 C 3.32 A
Mg

Alboney F1 0.73 b 0.79 b-d 0.89 e 0.77 b-d 0.65 e 0.61 de 0.55 cd 0.46 ab
Emotion F1 0.65 a 0.83 de 0.80 cd 0.73 bc 0.64 e 0.62 de 0.50 bc 0.41 a

Mean 0.69 A 0.81 C 0.85 C 0.75 B 0.65 C 0.62 C 0.53 B 0.44 A

Key for Tables 1 and 3: within rows, means marked with different capital letters differ significantly 
(separately for each experiment); within rows and columns, means marked with different small 
letters differ significantly (separately for each experiment)
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Mn-1.2 variants (3.40 and 3.36% N, respectively), while significantly the 
highest one appeared in Mn-0.3 (3.72 %). Within the studied ranges there 
were no differences between the cultivars. A decreasing nitrogen tendency 
was found in Experiment II, including significant differences between the 
cultivars in variants Mn-9.6 and 19.2. The content of nitrogen in tomato le-
aves determined by other scientists is varied (Table 2). nurzyńSKi (2006) and 
cHoHura, KoMoSa (2003a), who used standard nutrient solution in tomato 
cultivation on rockwool, found similar concentrations of the aforementioned 
nutrient; in contrast, jaroSz, HorodKo (2004) determined a higher content. 
In turn, pawLińSKa, KoMoSa (2006) and jaroSz, dzida (2011) studied the EC 
effect in tomato cultivation in rockwool and also recorded higher levels of 
nitrogen in tomato leaves. 

Also KowaLSKa (2004) in her studies on the effect of nutrition levels with 
sulfate sulfur in tomato detected a higher mean content of nitrogen (for the 
analysed substrates) at the phase of 4th cluster fruit setting. A wider range 
of nitrogen content in tomato leaves was given by Kreij et al. (1990), pLanK 
(1999), caMpBeL (2000) and the aGric. SerVice (2001). Generally, when con-
fronting results of my study with the cited literature, it may be stated that 
at the most intensive plant manganese nutrition the nitrogen nutrient status 
is reduced below optimal levels recommended for tomato. 

In contrast to nitrogen, significant upward trends were shown in both 
experiments for the content of phosphorus in index parts (Table 1). The cul-
tivars significantly influenced the nutrient status only in the case of Mn-1.2 
and Mn-2.4. Some authors found a lower content of that nutrient than deter-
mined herein ensuring optimal plant yielding (KLeiBer 2014) – 0.70-0.75% P.  
Similar concentrations of phosphorus in tomato leaves were reported by paw-
LińSKa, KoMoSa (2006) and jaroSz (2006) while a wider range was reported 

Table 2 
Content of macroelements according to other authors (express in % in d.m. of leaves)

Source 
Nutrient content (average or range)

N P K Ca Mg
Agric. Service... (2001) 3.5-5.0 0.3-0.65 3.5-4.5 1.0-3.0 0.35-1.00
caMpBeL (2000) 3.5-5.0 0.3-0.7 3.0-4.5 1.0-2.0 0.3-0.8
cHoHura, KoMoSa (2003a) 3.31-3.89 0.36-0.47 5.02-5.54 7.08-7.47 0.45-0.69
jaroSz (2006) 2.95-2.96 0.82-0.83 4.41-4.42 5.26-5.41 0.55-0.59
jaroSz, HorodKo (2004) 4.20 0.85 5.32 3.31 0.60
jaroSz, dzida (2011) 3.97-4.27 0.47-0.51 4.30-5.11 2.12-2.98 0.27-0.36
KowaLSKa (2004) 4.83-4.99 0.51-0.74 3.99-4.08 3.13-3.36 0.65-0.69
Kreij et al. (1990) 2.8-4.2 0.30-0.46 3.5-5.1 1.6-3.2 0.36-0.50
nurzyńSKi (2006) 3.83 0.41 5.45 2.97 0.28
pawLińSKa, KoMoSa (2006) 4.22-4.27 0.74-0.78 6.15-6.27 - -
pLanK (1999) 3.5-5.0 0.5-1.0 3.5-5.0 0.9-1.8 0.5-1.0
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by pLanK (1999), caMpBeL (2000). The cited findings indicate that the tomato 
nutrition tested in this study (above 1.00% P at Mn-19.2) has not been recor-
ded in the research conducted to date. 

Contrary tendencies of the potassium content in tomato leaves were fo-
und in this study: within the range of manganese nutrition up to Mn-1.2, the 
potassium content was significantly increasing, but from Mn-2.4 to Mn-19.2 
it was significantly decreasing (Table 1). The cultivar factor significantly mo-
dified the nutrient status only in case of Mn-4.8 and 9.6. Generally, the best 
yielding plants contained between 5.06-5.67% K in index parts (mean values). 
Similar concentrations of potassium in leaves were reported by jaroSz, Ho-
rodKo (2004) and nurzyńSKi (2006) – Table 2. Most of the cited authors sho-
wed a lower content of that nutrient (Table 2). More potassium in leaves was 
found only by pawLińSKa, KoMoSa (2006). Despite the contradictory trends for 
potassium in leaves, depending on the level of manganese, the plant nutrition 
level with this nutrient was appropriate within the analysed range.

A significant upward trends was observed in both experiments for the 
content of calcium in index parts of tomato (Table 1) – except Mn-19.2 in 
Exp. II. The cultivars significantly varied the calcium content for Mn-0, 
Mn-1.2 and Mn-9.6. The best plant yielding occurred within 3.00 to 3.30% 
Ca in index parts (mean from 2 cultivars). Many authors showed a different 
content of calcium in tomato leaves (jaroSz, HorodKo 2004, nurzyńSKi 2006) 
(Table 2). Similar calcium concentrations were cited by jaroSz, dzida (2011). 
In turn cHoHura, KoMoSa (2003a) and jaroSz (2006) cited higher levels of 
that nutrient. KowaLSKa (2004) claimed that intensive tomato nutrition with 
sulfate sulfur has a significant effect reducing the calcium content in leaves. 
Markedly lower contents of calcium in leaves of tomato were cited by other 
authors (Kreij et al. 1990, pLanK 1999, caMpBeL 2000, Agric. Service… 2001).

Like potassium, the magnesium content in tomato leaves demonstra-
ted oposing tendencies (Table 1). Within the manganese nutrition range 
from Mn-0 to Mn-0.6 it was significantly increasing, while from Mn-2.4 to  
Mn-19.2, there was a significant decrease in the Mg in tomato leaves.  
The cultivar factor significantly varied the magnesium content for Mn-0 
and Mn-0.6. The best yielding of tomato was recorded for 0.81%-0.85% Mg 
(mean). Many authors found a lower content of magnesium in tomato leaves 
(Table 2) while a wider range was determined by caMpBeL (2000) and Agric. 
Service … (2001). The literature data implicate that even in the case of toxic 
manganese nutrition, the content of magnesium in tomato leaves did not 
drop below the level observed in studies conducted to date.

In both experiments, a significant decreasing trend of the iron content in 
index parts was found (Table 3). The cultivar significantly differentiated the 
iron content in the case of Mn-0, Mn-0.3 and Mn-9.6. The best plant yielding 
was recorded at the content of iron from 159.6 to 181.0 mg Fe kg-1 (mean 
from 2 cultivars). The determined iron content in leaves up to Mn-1.2 was 
similar to the results most frequently reported in literature (Table 4). Refe-
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rences show a wider (cHoHura, KoMoSa 2003b, cHoHura et al. 2006) as well 
as a narrower range of the iron content (Kreij et al. 1990, KowaLSKa 2004). 
In turn, atHerton et al. (1986) recommended the content of this nutrient 
exceeding 60.0 mg Fe kg-1, which was met in both experiments (except for 
Mn-19.2). A much wider optimal range for this microelement was reported 
by pLanK (1999), caMpBeL (2000) and Agric. Service… (2001). 

Increasing manganese nutrition caused the accumulation of that micro-
nutrient in leaves (Table 3). The cultivar significantly modified the manganese 
status for Mn-0.3, Mn-1.2, Mn-2.4 and Mn-19.2. The optimal plant yielding 
was achieved for Alboney F1 when manganese ranged from 175.3-260.7 mg kg-1. 
An optimal content of manganese for Emotion F1 was 263.8 mg kg-1. In this 
study, the content of manganese determined in leaves within the range up 
to Mn-1.2 was similar to the one reported by caMpBeL (2000), ucHida (2000) 
and cHoHura, KoMoSa (2003b) – Table 4. The manganese content up to  
Mn-0.3 was consistent with the range of this nutrient shown by Agric.  
Service … (2001), while for Mn-0 it resembled that given by Kreij et al. 
(1990) and pLanK (1999). In turn, Breś, rupriK (2007) detected a lower 
content of manganese in leaves of small-fruited tomatoes grown on coir. 
cHoHura et al. (2006) determined the manganese content of 338.9 mg kg-1 

Table 3
The influence of manganese nutrition on content of chosen microelements in tomato leaves 

(express in mg kg-1 d.m.)

Cultivar
Experiment I Experiment II

Mn-0 Mn-0.3 Mn-0.6 Mn-1.2 Mn-2.4 Mn-4.8 Mn-9.6 Mn-19.2
Fe

Alboney F1 202.7 e 187.2 d 162.7 b 130.9 a 77.8 c 76.9 c 77.6 c 57.9 a
Emotion F1 227.5 f 174.9 c 156.4 b 125.5 a 77.6 c 74.5 c 64.0 b 53.8 a

Mean 215.1 D 181.0 C 159.6 B 128.2 A 77.7 C 75.7 C 70.8 B 55.9 A
mn

Alboney F1 62.9 a 175.3 b 260.7 d 290.8 e 424.0 a 464.4 c 472.0 c 471.4 c
Emotion F1 71.1 a 229.7 c 263.8 d 313.3 f 446.2 b 459.4 bc 465.9 c 489.5 d

Mean 67.0 A 202.5 B 262.3 C 302.1 D 435.1 A 461.9 B 469.0 B 480.5 C
zn

Alboney F1 43.90 e 40.20 d 31.50 c 30.10 bc 26.50 e 19.40 c 18.90 c 12.80 a
Emotion F1 45.10 e 37.80 d 27.00 ab 25.50 a 23.30 d 17.20 bc 15.30 b 10.40 a

Mean 44.50 C 39.00 B 29.30 A 27.80 A 24.90 C 18.30 B 17.10 B 11.60 A
Cu

Alboney F1 25.42 e 19.10 d 14.70 ab 13.20 a 13.65 d 13.10 cd 13.45 d 8.12 a
Emotion F1 24.40 e 17.35 cd 15.94 bc 15.00 ab 14.86 e 14.78 e 12.35 c 10.99 b

Mean 24.91 C 18.23 B 15.32 A 14.10 A 14.26 C 13.94 C 12.90 B 9.56 A
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in tomato leaves, with no symptoms of its toxicity on plants. SaVVaS et al. 
(2009) showed that within the range up to 5.5 mg Mn dm-3 nutrient solution, 
the content of this micronutrient in leaves increases significantly from 36 to 
280 mg Mn kg-1, at a simultaneous significant deterioration of the iron and 
zinc nutrient status of plants. 

Similarly to iron, a significant decrease in the zinc content under the 
tested Mn nutrition was found (Table 3). The cultivar significantly differed 
the zinc status for Mn-0.6, Mn-1.2, Mn-2.4 and Mn-9.6. The best plant per-
formance was obtained with the zinc content between 29.30-39.00 mg kg-1 of 
leaves. Literature shows a wider range of zinc in leaves (Kreij et al. 1990, 
pLanK 1999, caMpBeL 2000, Agric. Service… 2001, cHoHura, KoMoSa 2003b) 
(Table 4). A similar content of zinc was shown by KowaLSKa (2004). The con-
tent of this nutrient in leaves found in the present study up to the level of 
Mn-2.4 fell within the ranges of content cited in literature; however, above 
this level it fell within a lower range than recommended for tomato.

 Table 4 
Content of microelements according to other authors (express in mg kg-1 d.m. of leaves)

Source 
Nutrient content (average or range)

Fe Mn Zn Cu
Agric. Service…(2001) 50-300 25-200 18-80 5-35
atHerton et al. (1986) >60 237.0 38.0 9.68
Breś, rupriK (2007) mod. 80.0-120.4 70.6-190.9 66.9-102.1 8.70-15.62
caMpBeL (2000) 45-300 30-300 18-75 5-30
cHoHura, KoMoSa (2003b) 85.5-161.9 252.0-273.3 33.8-75.8 10.23-13.84
cHoHura et al. (2006) 97.1-205.3 338.9 28.3-53.7 7.73-12.65
KowaLSKa (2004) mod. 136.7-141.6 115.6-137.0 40.6-47.5 33.02-36.60
Kreij et al. (1990) 84-112 54-165 54-76 6
pLanK (1999) 50-300 50-100 20-100 8-20
ucHida (2000) 60-300 50-250 - -

Analogously to iron and zinc, a significant decreasing content of copper 
was found (Table 3) with significant differences between the cultivars in 
experiment II. The best yielding of plants was accompanied by a copper con-
tent within the range of 15.32-18.23 mg Cu kg-1. cHoHura et al. (2006) and 
cHoHura, KoMoSa (2003b) recorded less copper in leaves (Table 4). Markedly 
wider ranges of concentrations of this nutrient were given by pLanK (1999), 
caMpBeL (2000) or KowaLSKa (2004).

There is more than one reason for decreased tomato yielding under Mn
-stress caused by the accumulation of manganese. Generally, excessive or 
toxic manganese concentrations influence negatively the plant nutrition. The 
highest Mn-concentrations cause the accumulation of this ion, toxic symp-
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toms on the plants and probably symptoms of the deficit of other nutrients, 
occurring for example on leaves (KLeiBer 2014). MarScHner (1998) showed 
that manganese is an antagonistic ion to iron and calcium. This study con-
firmed a decreasing content of iron, whereas calcium generally presented 
increasing trends. In turn. GaLVez et al. (1989) claimed that higher man-
ganese levels reduced the uptake of potassium, calcium, magnesium, zinc, 
copper, which is generally verified for zinc and copper. As for magnesium, 
both increasing (Exp. I – lower concentration of Mn) and decreasing (Exp. II 
– higher concentration of Mn) trends were found. The findings were similar 
for potassium, whose content grew up to Mn-1.2 and decreased under higher 
Mn-levels. Excess manganese may reduce the magnesium (Kazda, znaceK 
1989) or magnesium/calcium uptake (Lee et al. 2011). In contrast to my re-
sults, SaVVaS et al. (2009) did not find anu effect of manganese on the content 
of potassium, calcium and magnesium, although they confirmed a reduction 
of the iron and zinc content. A lower zinc content under manganese stress 
was also found by SHenKer et al. (2004). Similarly to the current research, a 
positive effect of manganese on the phosphorus status was found by cLarK 
(1982) and GaLVez et al. (1989). cLarK (1982) reported also that intensive Mn 
nutrition reduced the uptake of potassium, calcium, magnesium and zinc. In 
contrast to my studies, Landi, FaGioLi (1983) found no Mn-related effect on 
the copper uptake by maize roots. Breś et al. (2012) demonstrated an anta-
gonistic effect between manganese and potassium, iron and zinc.

SaVVaS et al. (2009) and KLeiBer (2014) reported that manganese 
nutrition had a significant influence on tomato yielding, while cHoHura et 
al. (2009) and Kołota et al. (2013) claimed that in research on microele-
ments the form of ions is also important. An optimal content of manganese 
in a nutrient solution is varied depending on a cultivar (KLeiBer 2014). The 
highest marketable fruit yield of cv. Alboney F1 is obtained using a nutrient 
solution with the manganese content in the range 0.3-0.6 mg Mn dm-3, but 
in the case of cv. Emotion F1, the yield for Mn-0.3 was significantly lower 
than for Mn-0.6. Regarding the content of Mn in water used to prepare the 
nutrient solution (without addition of manganese sulphate), the author found 
visual deficit symptoms on leaves. Within the range of Mn from 4.8 to 19.2 
mg dm-3 toxicity symptoms appeared on the plants. The content of mangane-
se in a nutrient solution equal 1.2 or 2.4 mg dm-3 is excessive, while that of 
4.8 mg dm-3 and higher is toxic. In experiment I, the most possible chemical 
reasons of yield decrease in Mn-0 variant was a significant decrease of N, P, 
K, Ca, Mg, Mn with a simultaneous significant increase of Fe, Zn, Cu compa-
red with the variants ensuring optimal yielding. In treatment Mn-1.2, N, Mg, 
Fe, Zn were found to have decreased significantly, while P, K, Ca, Mn were 
significantly increased in relation to the variants providing optimal yielding. 
In the case of combinations ≥ 4.8 mg Mn dm-3 a lower content of N, K, Mg, 
Fe, Zn, Cu was determined together with a higher (above optimal) content of 
P and Mn. Visual symptoms on the plants could be the result of disorders in 
the uptake of the mentioned nutrients.
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Manganese is taken up by plants as Mn2+ cations. Although it is a heavy 
metal, it may appear in plant tissues in concentrations higher than necessary 
for the proper functioning of organisms. Manganese as a nutrient has many 
physiological functions, including participation in a number of enzymes: Mn-
catalase, dehydrogenase, decarboxylases, hydroxylases, acid phosphatases, 
transferases, SOD superoxide. Furthermore, it is present in xylogens, fla-
vanols, and PS II complex-protein. Of particular importance is the share of 
micro-fission reactions of water in the light phase of photosynthesis (ducic, 
poLLe 2005, HuMpHrieS et al. 2007, KozłowSKa et al. 2007, Breś et al. 2012). 
Excessive manganese nutrition may interfere with this physiological process 
and with the nutrient uptake, wich could be a reason for worse yielding.

conclusions 

1. Manganese nutrition significantly influenced the content of macro- and 
microelements in leaves. 

2. Tomato cultivars significantly modified the content of nitrogen (for 
Mn-9.6 and Mn-19.2) phosphorus (for Mn-1.2 and Mn-2.4), potassium (for 
Mn-4.8 and Mn-9.6), calcium (for Mn-0, Mn-1.2, Mn-9.6), magnesium (Mn-0 
and Mn-0.6), iron (Mn-0, Mn-0.3, Mn-9.6), manganese (Mn-0.3, Mn-1.2, Mn-
2.4, Mn-19.2), iron (Mn-0, Mn-0.3, Mn-9.6), zinc (Mn-0.6, Mn-1.2, Mn-2.4, 
Mn-9.6) and copper (Mn-2.4, Mn-4.8, Mn-9.6, Mn-19.2) in leaves. 
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Abstract

On the basis of long-term fertilizer experiment, conducted since 1968, an attempt was 
made to verify the nitrogen content with the use of a neural network, in terms of yields from 
subsequent cuts. The experiment is located at Czarny Potok village near Krynica (20°54′ E; 
49°24′ N) on the altitude of about 720 m a.s.l., at the foot of Jaworzyna Krynicka Mt., in the 
south-eastern Beskid Sądecki mountain range, on a slope with 7° inclination and NNE aspect. 
The experiment was set up in 1968 on a natural type of mountain meadow of mat-grass (Nardus 
stricta L.) and red fescue (Festuca rubra L.) with a large share of dicotyledonous plants. The 
soil was classified to acid brown soils developed from the Magura sandstone with the texture of 
light silt loam. Since autumn 1985, the experiment has been conducted in two series, with the 
same level of fertilization: without liming (0 Ca) and limed (+Ca). Liming was repeated in 1995. 
The first liming was conducted with a dose calculated on the basis of 0.5 Hh value, the second 
one was established according to the total hydrolytic acidity. Mineral fertilization was discon-
tinued in 1974 - 1975 and in 1993 - 1994, when the experiment was limited to an assessment 
of the sward yield and its chemical composition. The experiment comprises 8 treatments with 
five replications, receiving either nitrogen or phosphorus fertilization (90 kg N or 39.24 kg P ha-1) 
and (39.24 kg P ha-1 and 124.5 kg K ha-1) against the PK background, nitrogen in two forms 
(ammonium nitrate and urea) and two doses (90 and 180 N ha-1). In 1968-1980, phosphorous 
and potassium fertilizers were sown in autumn and since 1981 – in spring. However, potassium 
(1/2 of the dose) was supplemented in summer after I cut. In 1968 - 1973, thermophosphate was 
applied, but triple superphosphate has been used since 1976. Over the whole period of the ex-
periment, nitrogen fertilizers have been sown at two dates: 2/3 of the annual dose in the spring 
at the onset of plant growth and 1/3 of the dose several days after the first cut. A single regen-
erative treatment with copper (10 kg kg-1) and magnesium (8 kg ha-1) was applied once in 1994. 
Foliar nutrition (2 dm3 ha-1 applied twice) with the microelement fertilizer Mikrovit-1 has been 
used since 2000. The microelement fertilizer contains (per 1 dm3): 23.3 g Mg; 2.3 g Fe; 2.5 g Cu; 
2.7 g Mn; 1.8 g Zn; 0.15 g B and 0.1 g Mo. The model was compared with a regression analysis. 
Statistical analysis was applied for two data sets: the whole data set, i.e. 43 years and 8 treat-
ments, 2 cuts and 2 series – data of the 1st set (n = 1376), and a narrow data set, comprising 
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exclusively fertilization 90 kg N ha-1, irrespective of the form against the background of PK – 43 
years and 2 objects, 2 cuts and 2 series – data of the 2nd set (n = 344). A neural network can 
be applied in the assessment of the nitrogen content on the basis of yield including subsequent 
years of nitrogen fertilization and cuts. Neural networks including quantitative and qualitative 
features are useful for modelling the element content. 

Key words: neural networks, nitrogen, sword.

introduction

Long-term fertilizer experiments are ascribed a number of aims justi-
fying a need for their continuation. One of these is creating data resources 
for elaborating and testing simulation models allowing for assessing the 
influence of agrotechnical factors on soil and plants, and providing practical 
information for farmers about the ways of improving farming systems and 
observe sustainability (BaKKer et al. 2002, GrzeBiSz et al. 2010). Due to a 
number of diverse factors simultaneously affecting the results of an experi-
ment, these problems are difficult to asses unanimously and use in practice. 
Even experiments on monocultures are susceptible to changeability of the 
weather conditions. Synthetic indicators of e.g. rainfall in natural conditions 
are not always strictly related to the yield.

Because of botanic diversification and fluctuation of meadow commu-
nity species, long-term investigations of grasslands have their own specific 
character. An attempt at the assessment based on regression in these expe-
riments is usually not unanimous. Seeking an explanation of processes oc-
curring in the environment, also important from the practical point of view, 
may lead to the application of non-linear solutions based on neural networks 
(StaStny et al. 2011). The results demonstrated that the neural network mo-
del is capable of sugar beet leaf nitrogen estimation with reasonable accura-
cy (MoGHaddaM et al. 2010). The new integrated approach (continuum-remo-
ved absorption features, the REP and a neural network) could explain 60% 
of the variation in savanna grass nitrogen concentration on an independent 
test data set using airborne hyperspectral data (MutanGa, SKidMore 2004).

In practice neural networks require an introduction of verified input and 
output layer of dependent variable. This requires experimental data and 
the long term experiment allows to create data bases and fulfil statistical 
assumptions.

On the basis of long-term fertilizer experiment in Czarny Potok, conduc-
ted since 1968, an attempt was made to verify the nitrogen content basing 
on a neural network considering yields of subsequent cuts. The model was 
compared with regression analysis.
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materials and methods

The experiment (Mazur, Mazur 1972) is located in Czarny Potok near 
Krynica (Poland, 20°54′53″ E; 49°24′35″ N) at an altitude of about 720 m  
a.s.l. at the foot Jaworzyna Krynicka Mt. in the south-eastern massif of  
the Beskid Sądecki Mts. on aslope with 7o inclination and NNE aspect. The 
experiment was set up in 1968 on a natural mountain meadow of Nardus 
stricta L. and Festuca rubra L. type with a considerable share of the dicoty-
ledonous. The soil from the experimental area was classified to acid brown 
soils developed from the Magura sandstone with granulometric composition 
of light silt loam (the following % of fractions: 1-0.1 mm – 40; 0.1-0.02 mm 
– 37; > 0.02 mm – 23) and characteristic three genetic horizons: AhA  
(0-20 cm – humus horizon), ABr (21-46 cm – browning horizon) and BbrC 
(47-75 cm parent rock). Detailed experiment data were presented in the pre-
vious papers (Kopeć 2000), in Table 1 and Figure 1.

The one factorial experiments experiment, carried on in 5 replications 
included 8 fertilizer treatments (Table 2). 

Since autumn 1985 the experiment, at the same doses of NPK fertilizers, 
has been conducted in two series, without liming and with lime application. 
In 1995 and 2005 liming was repeated. In 1985 and 2005 years the dose of 

Table 1
Soil properties before the experiment outset

Layer 
(cm) pHH2O pHKCl

Hh Hw P K Exchangeable ions
(mg kg-1 soil) 

(cmol (+) kg-1 soil) (mg kg-1soil) Ca Mg Na K
0-10 5.20 4.38 4.42 0.46 4.8 112.0 680 38.0 20.0 69.0 

10-20 5.58 4.48 4.04 0.65 2.6 23.3 540 28.0 18.0 61.0 

Fig. 1. Scheme of modification of cultivation measures in the experiment



130

limestone was calculated according to 0.5 Hh and in 1995 according to 1 Hh. 
In the years 1974-1975 and 1993-1994 no mineral fertilization was applied, 
and the research was limited to determining the sward yield and its chemi-
cal composition.

In 1968-1980 phosphorus and potassium fertilizers were applied in au-
tumn. Since 1981 phosphorus fertilizers have been applied in spring, and 
potassium fertilizers in half dose in spring and half in summer, after the 1st 
cut. Phosphorus in the years 1968-1973 was in form of calcium thermopho-
sphate (superthomasine) in the years 1975-1992 as triple superphosphate 
(46%) and since 2005 as enriched superphosphate (40%). In the whole period 
of the experiment 2/3 of the nitrogen fertilizers annual dose has been in 
spring at the beginning of vegetation and 1/3 of the dose about two weeks 
after 1st cut. In 1994, a single dose of 10 kg Cu and 8 kg Mg ha-1 in solid fer-
tilizers were applied. In the years 2000-2004 foliar fertilization was conduc-
ted (twice 2 dm3 ha-1) using Mikrovit-1 fertilizer. The fertilizer contained in 
1 dm3: 23.3 g Mg; 2.3 g Fe; 2.5 g Cu; 2.7 g Mn; 1.8 g Zn; 0.15 g B and 0.1 g  
Mo. In the 2005-2007 periods, 0.5 g B ha-1 was supplied to the soil every 
year, whereas in the spring, 2008, 5 kg Cu, Zn and Mn ha-1 and 0.5 kg of Co 
and Mo ha-1 were added.

Vegetation period in the experimental area lasts from April to Septem-

Table 2
Fertilization scheme in the static experiment in Czarny Potok

Fertilizer 
objects

Annual dose (1985, 1995, 2005) 
of the element  

in series 0 Ca and +Ca
(kg ha-1)

Nitrogenfertilizer Microelements

P K N

„0” - - - B, Cu, Zn, Mn, Co, Mo

N1 - - 90 ammonium nitrate B, Cu, Zn, Mn, Co, Mo

P 39.24 - - B, Cu, Zn, Mn, Co, Mo

PK 39.24 124.5 - B, Cu, Zn, Mn, Co, Mo

PK +N1an 39.24 124.5 90 ammonium nitrate B, Cu, Zn, Mn, Co, Mo

PK+N1u/an 39.24 124.5 90
urea to 2004/ ammo-
nium nitrate from 
2005

0 mikroel.*

PK+N2an 39.24 124.5 180 ammonium nitrate B, Cu, Zn, Mn, Co, Mo

PK+N2u/an 39.24 124.5 180
urea to 2004/ ammo-
nium nitrate from 
2005

0 mikroel.

* 0 mikroel. – without microelements; P = 90 kg P2O5, K = 150 kg K2O; a.n. – ammonium  
nitrate; u. – urea; 0 Ca unlimed series; + Ca limed series
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ber (150-190 days). The weather conditions (Table 3) indicate a considerable 
rainfall variability.

Yields of sward fresh masses were harvested from each plot twice a year 
(at the turn of June and July and in September), in the initial period from 
the area of 42 m2 and when liming was introduced from a 21 m2 plot. After 
dry mass determination yield, samples were converted into t d.m. ha-1.

During over a 40-year period of the experiment various aims were set and 
research hypotheses were put forward. For the sake of presentation, the whole 
period of research (42 years) was divided into several-year stages (Table 4) 
according to the applied cultivation measures. The stages cover the year of the 
measure application as the subsequent years i.e. its direct and residual effect.

Table 3
Statistical characteristics of precipitation and temperatures for the period 1968-2008

Parametr
Precipitation 

(mm)
Temperature

(°C)

I–XII IV–IX I–XII IV–IX
Arithmetical mean 876.4 568.5 5.86 12.19
Standard deviation 198.7 138.0 0.87 0.77
Range 25-75% of cases 733.2-990.0 461.5-658.2 5.35-6.30 11.7-12.7

Table 4
Stages of the experiment (Kopeć, Mazur 2011)

Stage 
No. Period Description of the stage

1 1968-1970 3-year period of introducing fertilization
2 1971-1973 3-year period of experiment continuation

3 1974-1976 1st break in fertilization (for two years) and the year of fertilization 
resumption

4 1977-1980 4-year period after resumption of fertilization
5 1981-1984 4-year period of fertilization continuation
6 1985-1988 4-year period of fertilization continuation after introduction of liming
7 1989-1992 4-year period of fertilization continuation

8 1993-1995 2nd break (2 years), introduction of a single grazing, the year of NPK 
resumption, Cu and Mg application and repetition of liming

9 1996-1999 4  year of fertilization continuation

10 2000-2004 5-year period of fertilization continuation with annual twofold 
application of foliar microelement fertilization

11 2005-2007 3-year period of fertilization continuation, replacement of urea 
by ammonium nitrate, fertilization B applied every year

12 2008-2010 3  year period of fertilization continuation with a single soil treatment 
with Cu, Zn, Mn, Co and Mo
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In the first period, which covered the years 1968-1975, the research fo-
cused on the effect of various levels of fertilization on the yield and quality 
of grassland sward established as a result of natural turfing of abandoned 
arable land. It was the period of fertilizer industry development in Poland. 
The agricultural usefulness of ammonium nitrate and urea as a new fertili-
zer in Poland, has been compared. Nutrient doses were comparatively high; 
however, plant nutrient requirements for a potential yield were taken into 
account. At that time agriculture in mountain conditions was rather exten-
sive and intensification process pursued only slowly. Therefore, in the period 
1974-1975 fertilization was ceased, assuming a residue effect of applied 
nutrients. Two years later fertilization was resumed on the same level at the 
native treatments. The former researches show diversification of botanical 
composition and soil properties, which indicated a necessity sward liming. 
After seventeen years, fertilization with sodium carbonate was applied, 
assuming an improvement in soil pH and supplementing sodium content in 
the sward. Since 1985, the experiment was conducted in two series: without 
liming and with limestone application (Figure 1) in 10-year cycles. 

Economic transformation, which took place in Poland in the nineties of 
the 20th century caused a dramatic decline in fertilizer’s consumption in the 
whole country. It has been decided to mimic these changes on the scale of 
the experiment. Therefore, another break in fertilization for two years was 
administered. Another change was to include the single sheep grazing in the 
experiment. The liming was repeated in 10-year cycles (1995, 2005). While 
seeking possibilities of restoring yield forming potential in the subsequent 
years attention was focused on magnesium and microelement deficiencies. 
Magnesium and copper were supplied once to the soil and then foliar appli-
cation of the multi microelements fertilizer was used for five years. In 2005, 
boron was added to the soil and then a set of basic microelements in doses, 
which should have improved their bioavailability previously limited by a 
systematic removal of these elements with the yield. The main aim of all 
agronomic measures was maintaining the grassland productive potential, 
by their influence on the quality of sward and the soil properties has been 
analyzed as well. The polygon of the experiment was also used in research 
on nutrient leaching, changes in humus content, microbial and enthomofau-
na activity and to determine heavy-metal cycling in agrocenosis.

A module of Statistica 9.0 application (licence for University of Agricul-
ture) was used in statistical analysis (StatSoft, Inc. 2009).

The nitrogen content was considered as the output data for constructing 
the neural network and regression analysis, whereas dry mass yield was 
regarded as the quantitative input data and the subsequent years of the 
experiment, treatments, series and cuts were used as qualitative input data.
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results and discussion

In practice there is a need for fast assessment of e.g. protein in animal 
feed. Protein equivalent is nitrogen and its amount limits the crop yield and 
its quality (KacorzyK, KaSperczyK 2006, GrzeBiSz et al. 2008, KuLiK 2009,  
BojarSzczuK et al. 2011).

Statistical analysis was applied for two data sets – the whole data  
set, i.e. 43 years and 8 treatments, 2 cuts and 2 series – data of the1st set  
(n = 1376) and narrow data set comprising exclusively fertilization 90 kg 
N, irrespective of the form against the background of PK – 43 years and 2  
objects, 2 cuts and 2 series – data of the 2nd set (n = 344).

Despite slight changes in the level of nitrogen content, set of dependen-
cies shown in Figure 2 does not differ significantly for both cuts. With years, 
nitrogen content was increasing until half of the period of investigations and 
then was decreasing slightly. In case of lower yields, nitrogen content is hi-
gher. Especially in 2nd set biomass increment dilutes nitrogen content.

Linear regression analysis of quantitative features, i.e. nitrogen content 
in the sward and crop yield describes a small number of cases. Table 5 pre-
sents values of the analysis for both data sets.

The ranges of neural networks for both sets were approximate (Tables 
5 and 6). Following the analysis, a network called MLP 57-10-1 was selec-
ted on the basis of learning coefficients (0.960659) quality, testing quality 
(0.840155) and validation quality (0.807017).The network was ascribed le-
arning algorithm BFGS 83 with SOS error function and hidden layer initial 
exponential activation. 

Factor sensitivity analysis had the following values: cut – 19.434, years 
of the experiment – 19.238, treatment – 9.021, series – 2.368, yield – 2.055.

Fig. 2. Nitrogen content in meadow sward (g kg-1) of both series and cuts depending  
on experiment years and yield for data sets I and II



134

The data above show a significant effect of cut and subsequent years of 
the experiment on nitrogen content. This dependence should be explained by 
changes in the botanical composition, both regarding the succession registe-
red during the experiment and seasonality of 1st and 2nd data sets. Intensi-
fication of fertilization is another factor important for determining nitrogen 
content. The discussed factor is less conditioned by liming and crop yield.

The network called MLP 49-4-15 was selected for narrow data set on 
the basis of learning quality coefficients (0.952972), testing quality (0.81568) 
and validation quality (0.884061). The training algorithm BFGS37 with SOS 

Table 5
Parameters of regression analysis of nitrogen content in sward dependent  

on crop yield for two data sets

Specification b* St. error. - b* b St. error - b t p

Data 1st set summing up regression of dependent variable:  
R = 0.01628; R2 = 0.00026 F(1.1343) = 0.35605 p

Intercept 19.29367 0.185594 103.9565 0.000000
Yield -0.016280 0.027284 -0.03765 0.063098 -0.5967 0.550809

Data 2nd set summing up regression of dependent variable:  
R = 0.32071; R2 = 0.10285 F(1.324) = 37.146 p

Intercept 20.67828 0.407949 50.68839 0.000000
Yield -0.320710 0.052621 -0.76824 0.126050 -6.09472 0.000000

Table 6
Statistics of data area in neural network

Specification
Test - Learning Test -Validation Whole data

range mean/SD range mean/SD range mean/SD

Set I

Yield (t ha-1) – 
quantitative 
input

0.13-6.09 2.52/1.27 0.38-6.10 2.60/1.44 0.13-6.10 2.53/1.26

Content  
of N (g kg-1) – 
quantitative 
input

10.62-31.40 19.08/3.29 13.00-29.30 19.16/3.04 10.62-31.40 19.10/3.21

Set II – (90 kg N + PK treatments)

Yield (t ha-1) – 
quantitative 
input

2.60-6.09 2.99/1.23 1.10-5.86 3.10/1.12 0.26-6.09 3.02/1.16

Content  
of N (g kg-1) – 
quantitative 
input

10.61-31.40 18.37/2.87 11.12-24.20 18.65/2.69 10.62-31.4 18.37/2.83
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error function and hidden layer initial linear activation was ascribed to the 
network.

Factor sensitivity analysis had the following values: years of the experi-
ment – 17.549, cut – 11.603, series – 1.762, yield – 1.339.

The data above evidence a considerable effect of subsequent years of 
the experiment and cut on nitrogen concentrations. An inversion of sensiti-
ve features occurred and diversification of sensitivity level. A difference in 
botanical composition is less diversified at the same dose than with extreme 
fertilization considered in 1st set. The sensitivity of liming effect and crop 
yields look analogously as in case of 1st data set.

Neural networks proved to be particularly good not only for elaboration 
of short term results (BoniecKi 2005), but also in the context of time as an 
element of data interpretation. Progress in predicting productivity, spatial 
modelling and spatial-and-time forecasting has been made recently regarding 
the interpretation of long-term experiment results. Application of neural 
networks makes possible a deeper analysis, particularly while solving non-li-
near regressions, forecasting and classification.

conclusions

1. Application of a neural network for assessment of nitrogen content on 
the basis of yield is possible taking into account subsequent years of nitrogen 
fertilization level and cut.

2. Neural networks are useful for modelling the element content at the 
application of descriptive quantitative and qualitative features.
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Abstract

Soils affected by industrial emissions of a copper smelter may contain high amounts of 
heavy metals. Heavy metal infiltration across the soil is a potential source of groundwater con-
tamination. Simultaneously, many ions, especially Cu2+ and Pb2+, can be accumulated by plants 
growing within the emission range. The aim of this study was to determine the influence of high 
Cu and Pb soil contamination on the total nitrogen content in leaves and wood of trees growing 
in an area exposed to copper smelter emissions.

Samples of leaves and wood of Populus robusta L. and Betula pendula L. as well as soil 
samples were taken from an area affected by industrial emissions, namely from the former 
sanitary zone of the Głogów Copper Smelter. The samples were collected in 2010. The particle 
size distribution, pH, organic carbon, total nitrogen and the total content of Cu and Pb in the 
soil samples were determined. In the plant samples (foliage and trunks), the total nitrogen was 
assayed. The results were analysed statistically.

The following conclusions were drawn: the litter horizon of soils affected by industrial emis-
sions contains high level of heavy metals (3450-5400 mg Cu kg-1, 1020-1500 mg Pb kg-1), exceeding 
threshold values for industrial areas. Also the humic horizon is characterised by an increased 
Cu and Pb content: 174-1530 mg Cu kg-1 and 268-702 mg Pb kg-1. The leaves of the tested species 
contained more nitrogen than the wood, although the birch wood contained more nitrogen then 
the poplar. There was no difference in the nitrogen content of the annual tree rings of both spe-
cies. Despite high levels of copper and lead in the tested soils, there was no effect of this factor 
on the nitrogen content of the leaves, bark and wood of the studied trees.

Key words: nitrogen, copper, lead, copper smelter, industrial pollution.
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introduction

The metallurgical industry causes adverse effects on the natural en-
vironment. The main factor responsible for environment pollution is the 
emission of metalliferous dust and gases (MartLey et al. 2004). The area 
around the Głogów Copper Smelter is contaminated with heavy metals, es-
pecially with copper and lead (MedyńSKa et al. 2009, roSada, GrzeSiaK 2009, 
drzyMała, SpycHaLSKi 2011). The described situation, persisting for decades, 
in 1990 forced the Governor of Legnica to establish a sanitary zone around 
the copper smelter. The sanitary zone originally covered 2,840 ha. The land 
was bought and the local inhabitants resettled. The soil was limed, and then 
the whole area was planted with trees: poplar (Populus robusta L.) and birch 
(Betula pendula L.). The zone has been under continuous environmental pol-
lution monitoring since then.

The impact of heavy metals on the environment is widely described in 
literature. The vast majority of reports on this subject relates to an increase 
in soil pollution with heavy metals (aLLoway, ayreS 1997, KaBata-pendiaS, 
pendiaS 2001, MoceK et al. 2006, roSada, GrzeSiaK 2009). Many studies 
(panKoViČ et al. 2000, KaBata-pendiaS, pendiaS, 2001, KaBata-pendiaS 2004, 
xionG et al. 2006, Ke et al. 2007, SHaHBaz et al. 2010) show that the uptake 
of nutrients can be affected by the presence of other elements, including 
heavy metals (the phenomenon of antagonism and synergism). Some authors 
(antoSiewicz 2005, LocK et al. 2007, KnapowSKi et al. 2012) have reported 
that certain elements such as nitrogen and potassium, calcium and magne-
sium can reduce copper and lead retrieval by plants or (depending on plant 
tissues) increase the content of Cu and Pb (doMaGała-świątKiewicz, GąStoł 
2013). 

Nitrogen is one of the biogenic elements. It affects the growth and 
development of plants, and its deficiency interferes with vital processes 
(photosynthesis, creation and distribution of assimilates, the synthesis of 
proteins and chlorophyll). The impact of heavy metals on plant metabolism 
is a well-recognised topic (GarG and aGGarwaL 2011, SoLanKi and dHanKHar 
2011). nieBoer and ricHardSon (1980) described the important mechanism of 
heavy metal toxicity as a consequence of binding different chemical groups of 
different compounds, i.e. –SH group. The mechanism of heavy metals form-
ing bonds with enzymes, whose activity is thereby inhibited is a very char-
acteristic development, especially in respect of nitrite and nitrate reductase 
above a certain threshold (Van aSScHe, cLijSterS 1986, 1990, arora et al. 
2010, SoLanKi, dHanKHar 2011). KucHarSKi et al. (2011) noted the significant 
decrease in the activity of many soil enzymes (dehydrogenase, urease, acid 
phosphatase, a-glucosidase and arylsulphatase) due to zinc pollution. Accord-
ing to observations made by aLLoway and ayreS (1997) and KaBata-pendiaS 
and pendiaS (2001), copper may affect the metabolism of nitrogen compounds 
in plants by raising the level of proteins. Nevertheless, literature references 
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do not exhaust the question of significant correlations between the uptake of 
respective elements. The influence of heavy metals on the uptake of nitrogen 
by plants has been discussed in few publications (Hernández et al. 1997, 
quariti et al. 1997, LiM et al. 2003, Ke et al. 2007, SHaHBaz et al. 2010).

Most scientific papers have focused on microorganisms, herbaceous 
plants and the behaviour of mosses, whilst there is a shortage research on 
trees species. The aim of this study was to determine possible changes of 
the total nitrogen content in leaves and wood of trees growing in an area 
exposed to industrial emissions, especially on dust high in copper and lead.

material and methods

The study took place in the former sanitary zone of the Głogów Copper 
Smelter (Lower Silesia Province, the western part of Poland). Żukowice I, II 
and Bogomice are located within the sanitary zone. Żukowice I is about 0.1 
km to the SW of the smelter, Żukowice II is about 0.3 km E, and Bogomice 
is about 1 km NE from the smelter (Figure 1). The control site was located 
at some distance from the smelter, – in Stypułów, about 15 km NW from the 
smelter (N: 51°41′44.30″ W: 15°36′13.70″).

Soil samples were taken in June 2010, from all genetic horizons of the 
soil profile. Each sample was collected as a mixed one, representing material 
from the whole depth of the horizon. Soil material was air-dried and sieved 

Fig. 1. Location of the site on the Geoportal map (2013)
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through a sieve with a mesh diameter of 2.0 mm. Having prepared the mate-
rial prepared as explained above, the following analyses were made:
-  particle size distribution – using the areometric method (MoceK et al. 

2006);
-  pH – in H2O and 1M KCl suspension (potentiometrically), soil:liquid 1:2.5 

(MoceK et al. 2006);
- organic carbon – using the Tiurin’s method (MoceK et al. 2006); 
- total nitrogen – using the Kjeldahl method;
-  Cu and Pb total content – using atomic absorption spectrometry, after  

mineralisation in aqua regia (pn-iSo 11466:2002).
All the soil analyses were performed in triplicate.

Averaged samples of unwashed leaves of Populus robusta L. and Betula 
pendula L. were collected in the autumn of 2010. After drying, the leaves 
were ground in a mill. After mineralization of the samples in concentrated 
H2SO4, the nitrogen was determined using the Kjeldahl method. The analy-
ses were performed in triplicate. Averaged samples of wood were taken from 
saw-cut discs at a height of 1.3 m from 3 selected trees at each site. Each 
disc was divided mechanically into 5-year tree rings. After drying and grin-
ding, the tree samples were mineralized in concentrated H2SO4. Nitrogen in 
the solution was determined with the Kjeldahl method. The analyses were 
performed in triplicate.

The results were statistically analysed using the Statsoft Statistica 10 
procedures.

results and discussion

The results of this study showed a wide variation in soil properties in 
the area surrounding the Copper Smelter. This is due to fluvial activity 
(the Odra River Valley), land relief, lithogenesis (mosaic of the sand, loam 
and organic materials), pedogenesis (Albic Luvisols, Haplic Gleysols, Mollic 
Fluvisols, Fluvic Cambisols, Fluvic Endogleyic Cambisols, Sapric Histosols, 
Gleyic Phaeozems, Brunic Arenosols) and also anthropogenic pressure (agri-
culture, industry, reclamation). The physical and chemical properties of the 
soils are shown in Table 1. The particle size distribution of the soils covering 
the sanitary zone is mostly that of sandy loam and loamy sand. The pH of 
the tested soils varies from acid (Żukowice I, Bogomice), neutral (Stypułów) 
to alkaline reactions (Żukowice II). This variation is a typical effect of liming 
as a reclamation technique (Żukowice, Bogomice) and of agricultural activ-
ities (Stypułów). In some literature references, information dust emmision 
increasing thesoil pH can be found (MedyńSKa-juraSzeK, KaBała 2012). Next 
to the total concentration of heavy metals, the soil reaction is one of the most 
frequently cites factors implicating bioavailability of heavy metals..
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The content of both organic carbon and total nitrogen in the surface and 
subsurface horizons was significantly higher than in samples from deeper 
layers. This regularity recurred at all sites. The highest average content of 
organic carbon was found in the soil profiles from Żukowice II and Bogom-
ice, and the lowest – from Stypułów. The highest average content of total 
nitrogen was found in Bogomice and Żukowice I, and the lowest – again in 
Stypułów. Differences in the content of these elements are an effect of genet-
ic variation. One possible reason is the dominance of different plant species, 
e.g.the dominant species in the former sanitary zone is the poplar (Populus 
robusta L.), and the admixed species is the birch (Betula pendula L.). The 
control site was dominated by the oak. The difference in the carbon and ni-
trogen content can be habitat-dependent, as was shown by enoKi, KawaGucHi 
(2000). Statistical analysis showed a highly significant (P < 0.01) effect of the 
sampling depth and the total nitrogen content.

Table 1 
Selected properties of soil

Site
Depth

Sand Silt Clay

pH Corg Ntot. C:N
Cutot. Pbtot.2.0-0.05 

(mm)
0.05-
0.002 
(mm)

< 0.002 
(mm)

(cm) (%) H2O 1M KCl (%) (Mg kg-1)

Żu
ko

w
ic

e 
I

3-0 - - - 5.9 5.5 - 1.58 - 5400 1320

0-23 69 31 0 6.2 6 1.33 0.07 19 1530 416

23-44 63 34 3 5.3 4.9 0.57 0.05 11.4 52 304

44-59 58 33 9 5.5 5.4 0.54 0.04 13.5 45 79

59-79 83 11 6 5.9 4.4 0.3 0.03 10 45 76

>79 82 18 0 6.4 5.9 0.13 0.01 13 38 109

Żu
ko

w
ic

e 
II

2-0 85 15 0 6.9 6.6 3.14 0.34 9.2 3450 1020

0-27 79 21 0 7.8 7 2.13 0.16 13.3 958 268

27-40 78 22 0 7.8 7.1 1.61 0.14 11.5 41 60

>40 87 13 0 7.9 7.2 1.26 0.12 10.5 100 75

Bo
go

m
ic

e

3-0 - - - 6.3 5.9 - 2.1 - 4110 1510

0-20 65 34 1 5.1 3.8 1.48 0.13 11.4 174 702

20-37 61 37 2 5.2 3.8 1.35 0.12 11.3 99 114

37-67 65 34 1 5.7 4.3 1.23 0.1 12.3 85 108

>67 80 19 1 5.6 4.3 1.26 0.1 12.6 60 106

St
yp

uł
ów

0-30 90 10 0 7.7 7.2 0.92 0.07 13.1 7 10

30-70 97 3 0 7.4 6.5 0.14 0.02 7 6 9

70-90 98 2 0 7.4 6.6 0.17 0.03 5.7 6 9

>90 79 12 9 6.7 5.2 0.3 0.03 10 7 9
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The C: N ratio of the tested soils varied. In most of the samples from the 
former sanitary zone, it amounted to 12 : 1. A slightly higher C:N ratio was 
observed in samples taken from the control site, but even in this profile a low 
C:N index was found. The average ratio in the profiles ranged from 9.2 to 
19.0 in the areas affected by industrial emissions and from 5.7 to 13.1 in the 
control area. The differences are connected with the pedogenesis and land use 
(including covering with trees) rather than with the industrial influence. The 
impact of heavy metals on the organic matter mineralisation cannot be con-
firmed unambiguously. The mineralisation processes may be limited by the di-
versity, activity and abundance of soil microorganisms (neiLL, GiGnoux 2006).

The highest concentration of heavy metals was found in the humus and 
subsurface horizons of the tested soil profiles. This is particularly marked in 
the site located in the former sanitary zone, where the metal content exceeds 
the limits for industrial areas in Poland – limits for Cu and Pb: 600 mg kg-1 
(Regulation … 2002). The horizons located lower in the soil profiles contain 
copper and lead at levels typical for uncontaminated areas. What is very 
characteristic for the described area of the sanitary zone is the presence of 
extremely big differences in the heavy metal content in different places, even 
the ones located in close proximity. A clear manifestation was the outcome 
of a comparison with other data from this area – 855-13143 mg Cu kg-1 and 
585-9181 mg Pb kg-1 in the 0 horizon and 200-2875 mg Cu kg-1 and 92-723 mg 
Pb kg-1 in the Ap horizon (MedyńSKa-juraSzeK, KaBała 2012). A much lower 
heavy metal content was found in the control samples.

The high content of heavy metals in soils covering areas exposed to in-
dustrial impact is a well-known fact (KaBata-pendiaS, pendiaS 2001, MedyńS-
Ka-juraSzeK, KaBała 2012). In addition to the main source of pollution in the 
analyzed former sanitary zone (metal containing dusts), secondary pollution 
occurs as a result of litter decomposition and dust washed off the leaves into 
the soil. It is worth mentioning that, according to literature reports, most of 
the described pollution factors have only exerted a superficial impact (Me-
dyńSKa-juraSzeK, KaBała 2012). Thus, soil sorption comes to the foreground as 
a process realised both by clay minerals and organic soil matter. It prevents 
the heavy metals from penetrating to the deeper soil horizons via ground and 
surface waters. The high content of organic matter in the litter and humus 
horizons effectively influences the Pb and Cu sorption capability. Statistical 
analysis showed a significant positive correlation between the content of cop-
per and lead and organic matter in the soil (rPb-C = 0.75, rCu-C = 0.76). 

Many studies show differences in the nitrogen content in plant tissues. 
In our analyses performed on the chosen tree species, a significantly higher 
nitrogen content was found in the bark than in the wood (Figure 2). More 
nitrogen was found in the poplar bark than in the birch bark. Annual tree-
rings showed small differences in the content of this element, although a 
higher content of nitrogen was found in the birch wood than in the poplar 
wood. The total nitrogen content in the leaves varied within a wide range 
(Figure 3). The birch leaves had a higher content of nitrogen than the poplar 
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ones – differences from 2 to 98% were observed. A higher content was found 
in young tissues (leaves and bark) than in the wood of the birch and poplar.

The results of the nitrogen content were lower than those found in the 
literature or both the birch (SaraMäKi, Hytönen 2004) and the poplar (Fort-
ier et al. 2010). Several authors have indicated that the nitrogen content in 
plant tissues may be affected by many factors, such as the plant age, season 
of the year, exposure and nutrient content of the soil (coLL et al. 2010, For-
tier et al. 2010).

The statistical analysis showed no relationship between the content of 
heavy metals and nitrogen in plant samples taken from the areas exposed 
to the direct impact of the industrial plant (Table 2). A positive correlation 
was found between the content of nitrogen in the poplar stem and the lead 
content of the soil (r = 0.99) and also between the content of nitrogen in the 
birch stem and the copper content of the soil (r = 0.96). In the control area, a 
correlation between the C content of the soil and the N content of the poplar 
stem (r = 0.98) and another one between the N content of the soil and the N 
content of the the poplar stem (r = 0.98) were found. Analysing the behav-
iour of trees growing in the sanitary zone, a positive relation between the 
C:N ratio of the soil and the nitrogen content of the stem of birch (r = 0.98) 
was noted. 

The decomposition of organic matter is possible only with the partici-
pation of micro-organisms. Their biodiversity and abundance turns into the 
efficiency and quality of the matter decomposed. Many authors emphasize 
the reduced activity of the soil micro flora in areas highly contaminated with 
heavy metals (aLLoway, ayreS 1997, KaBata-pendiaS, pendiaS 2001, wanG et 
al. 2007). Fertilisation of soils contaminated with heavy metals with nutri-
ents available for microorganisms can be beneficial to the growth and colony 
size (peLtoLa et al. 2006, odLare, peLL 2009). Lime applied in the 1990s 

Fig. 3. The nitrogen content of the poplar and birch leaves
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(especially in the first years) might have accelerated the rate of the mineral-
isation of organic matter and increased the abundance of nitrogen. The soil 
nitrogen unavailable for microorganisms could have been translocated deeper 
into the soil profile (in the form of nitrates), released into the atmosphere (in 
the form of ammonia) or lost in the process of denitrification.

The study on the afforested areas in the vicinity of the Głogów Copper 
Smelter shows satisfactory condition of the trees. Despite the high heavy 
metal content in the top horizons of soil, the nitrogen content in the leaves, 
wood and bark of the tested plants is comparable to the one in the samples 
taken from the control site. Such an effect, dependent on the biological bar-
riers to the heavy metal uptake by plants has been stated by many authors 
(MedyńSKa et al. 2009). Comparing to the results of other studies, a lower 
content of nitrogen in tree tissue has been noted (Fortier et al. 2010, pear-
Son et al. 2010, paLViainen, Finér 2011). 

Table 2
Correlation matrices for chosen soil properties and nitrogen content in plant organs

Variable

Correlation coefficient, p < 0.05

Populus robusta L. Betula pendula L.

Nleafs (%) Nstem (%) Nbark (%) Nleafs (%) Nstem (%) Nbark (%)

Samples from the former sanitary zone of Głogów Copper Smelter

pH H2O -0.37 0.69* 0.11 0.00 0.67* -0.79*

pH 1M KCl -0.55 0.71* -0.05 -0.23 0.59 -0.65

Corg. (%) 0.11 0.19 -0.14 -0.05 -0.07 0.32

Ntot. (%) 0.21 0.21 -0.01 0.08 0.09 0.23

C:N 0.09 0.16 -0.19 -0.08 -0.10 0.34

Cutot. (mg kg-1) -0.16 0.16 -0.07 -0.20 0.04 0.05

Pbtot (mg kg-1) 0.13 0.03 0.00 0.04 0.14 0.11

Samples from control site

pH H2O 0.00 0.63 0.00 -0.49 0.00 0.00

pH 1M KCl 0.05 0.65 -0.05 -0.44 0.03 0.05

Corg. (%) 0.03 0.98* -0.03 -0.05 0.88 0.03

Ntot. (%) 0.18 0.98* -0.18 0.04 0.83 0.18

C:N -0.16 0.84 0.16 -0.03 0.98* -0.16

Cutot. (mg kg-1) 0.00 0.58 0.00 0.30 0.96* 0.00

Pbtot (mg·kg-1) 0.00 0.99* 0.00 -0.17 0.78 0.00

* statistically significant
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conclusions 

1. The topsoil contained more nitrogen, copper and lead than the deeper 
layers – as the sampling depth increased, the content of the analysed ele-
ments decreased.

2. The total nitrogen content in leaves and bark was much higher than 
in the wood of the tested tree species at all research sites. The birch wood 
contained more nitrogen than the poplar wood. Annual tree rings did not 
show differences in the nitrogen content during the growth of the poplars 
and birches.

3. The influence of the high content of heavy metals in soils affected by 
industrial emissions on the nitrogen content in the plant tissues was unob-
served.

4. Samples taken from the control site with well-balanced soil chemical 
composition, showed a significant correlation between the content of cop-
per in the soil, and the nitrogen in the leaves of the birch and poplar and 
the bark of birch. No significant correlations were found between the lead 
content of the soil of the control area and the nitrogen content of the plant 
tissues.

references
aLLoway B.j., ayreS d.c. 1997. Chemical principles of environmental pollution. CRC Press Inc.
antoSiewicz d.M. 2005. Study of calcium-dependent lead-tolerance on plants differing 

in their level of Ca-deficiency tolerance. Environ Pollut., 134: 23-34. DOI: 10.1016/j.
envpol.2004.07.019.b

arora n.K., eKta KHare, SinGH S., MaHeSHwari d.K., 2010. Effect of Al and heavy metals on en-
zymes of nitrogen metabolism of fast and slow growing rhizobia under explanta conditions. 
World J. Microbiol. Biotechnol., 26:811-816. DOI 10.1007/s11274-009-0237-6

CoLL L., ScHneider r., BerninGer F., doMenicano S., MeSSier c. 2011. Quantifying the effect 
of nitrogen-induced physiological and structural changes on poplar growth using a car-
bon-balance model. Tree Phys., 31(4): 381-390. DOI: 10.1093/treephys/tpr013

doMaGała-świątKiewicz i., GąStoł M. 2013. Effect of nitrogen fertilization on the content of 
trace elements in cv. Bianca grapevine (Vitis sp.). J. Elem., 18(1): 39-53, DOI: 10.5601/
jelem.2013.18.1.03

drzyMała S., SpycHaLSKi w. 2011. Heavy metals and their fractions in soils around the Głogów 
copper smelter, Soil Sci Ann., 62(2): 69-78. (in Polish)

enoKi t., KawaGucHi H. 2000. Initial nitrogen content and topographic moisture effects 
on the decomposition of pine needles. Ecol Res., 15: 425-434. DOI: 10.1046/j.1440-
1703.2000.00363.x

Fortier j., GaGnon d., truax B., LaMBert F. 2010. Nutrient accumulation and carbon seques-
tration in 6-year-old hybrid poplars in multiclonal agricultural riparian buffer strips, Agr 
Ecos Env., 137: 276-287. DOI: 10.1016/j.agee.2010.02.013

GEOPORTAL 2013. The Spatial Information Infrastructure Geoportal. http://mapy.geoportal.gov.pl/.
GarG n., aGGarwaL n., 2011. Effects of interactions between cadmium and lead on growth, ni-

trogen fixation, phytochelatin, and glutathione production in mycorrhizal Cajanus cajan 



147

(L.) Millsp. J Plant Growth Regul., 30: 286-300. DOI 10.1007/s00344-010-9191-7
Hernández L.e., Garate a., carpena-ruiz r. 1997. Effects of cadmium on the uptake, distribu-

tion and assimilation of nitrate in Pisum sativum. Plant Soil, 189: 97-106.
KaBata-pendiaS a. 2004. Soil-plant transfer of trace elements — an environmental issue. Geo-

derma, 122: 143-149, DOI: 10.1016/j.geoderma.2004.01.004.
KaBata-pendiaS a., BoLiBrzucH e., tarłowSKi P. 1981. Impact of a copper smelter on agricultural 

environments. Part 1. Contamination of soils. Soil Sci Ann., 32(3): 207-214. (in Polish)
KaBata-pendiaS a., pendiaS H. 2001. Trace elements in soils and plants. CRC Press, Boca Raton.
Ke w., xianG z., cHen S. 2007. Effects of copper and mineral nutrition on growth, copper accu-

mulation and mineral element uptake in two Rumex japonicus populations from a copper 
mine and an uncontaminated field sites. Environ Exp Bot., 59: 59-67. DOI: 10.1016/j.envex-
pbot.2005.10.007

KnapowSKi t., raLcewicz M., SpycHaj-FaBiSiaK e., MurawSKa B. 2012. Effect of the rate of nitrogen 
and zinc on the zinc and copper accumulation in grain of spring triticale cultivar Kargo.  
J. Elem., 17(3): 421-429. DOI: 10.5601/jelem.2012.17.3.05

KucHarSKi j., wieczoreK K., wySzKowSKa j. 2011. Changes in the enzymatic activity in sandy 
loam soil exposed to zinc pressure. J. Elem., 16(4): 577-589. DOI: 10.5601/jelem. 2011.16.4.07

LiM p.e., tay M.G., MaK K.y., MoHaMed n. 2003. The effect of heavy metals on nitrogen and 
oxygen demand removal in constructed wetlands. Sci Total Env., 301: 13-21. DOI: 10.1016/
S0048-9697(02)00304-2

LocK K., crieL p., de ScHaMpHeLaere K.a.c., Van eecKHout H., janSSen c.r. 2007. Influence of 
calcium, magnesium, sodium, potassium and pH on copper toxicity to barley (Hordeum vul-
gare). Ecotox Environ Safe., 68: 299-304. DOI: 10.1016/j.ecoenv.2006.11.014

MartLey e., GuLSon B.L., pFeiFer H.r. 2004. Metal concentrations in soils around the copper 
smelter and surrounding industrial complex of Port Kembla, NSW, Australia. Sci Total 
Env., 325: 113-127. DOI: 10.1016/j.scitotenv.2003.11.012

MedyńSKa a., KaBała c., cHodaK t., jezierSKi p. 2009. Concentration of copper, zinc, lead and 
cadmium in plants cultivated in the surroundings of Żelazny Most copper ore tailings im-
poundment. J. Elem., 14(4): 729-736. DOI: 10.5601/jelem.2009.14.4.729-736

MedyńSKa-juraSzeK a., KaBała c. 2012. Heavy metal pollution of forest soils affected by the cop-
per industry. J. Elem., 17: 441-451. DOI: 10.5601/jelem.2012.17.3.07

MoceK a., drzyMała S., MaSzner p. 2006. Genesis, analysis and classification of soils. Publ. 
House of Agriculture Academy in Poznan, Poznan. (in Polish)

neiLL c., GiGnoux j. 2006. Soil organic matter decomposition driven by microbial growth:  
A simple model for a complex network of interactions. Soil Biol. Biochem., 38: 803-811.  
DOI: 10.1016/j.soilbio.2005.07.007

nieBoer e., ricHardSon d.H.S. 1980. The replacement of the nondescript term ‘heavy metals’ 
by a biological and chemically significant classification of metal ions. Environ. Pollut., B1: 
3-26.

odLare M., peLL M. 2009. Effect of wood fly ash and compost on nitrification and denitrification 
in agricultural soil. Appl. Energy, 86: 74-80. DOI: 10.1016/j.apenergy.2008.04.004

paLViainen M., Finér L. 2011. Estimation of nutrient removals in stem-only and whole-tree har-
vesting of Scots pine, Norway spruce, and birch stands with generalized nutrient equations. 
Eur J Forest Res., 131: 945-964. DOI: 10.1007/s10342-011-0567-4

panKoViČ d., pLeSniČar M. arSenijeViČ-MaKSiMoViČ i. petroViČ n., SaKaČ z., KaStori r. 2000. 
Effects of nitrogen nutrition on photosynthesis in cd-treated sunflower plants. Ann. Bot-Lon-
don, 86: 841-847. DOI: 10.1006/anbo.2000.1250

pearSon c.H., HaLVorSon a.d., MoencH r.d., HaMMon r.w. 2010. Production of hybrid poplar 
under short-term, intensive culture in Western Colorado. Ind. Crops Prod., 31: 492-498. 
DOI: 10.1016/j.indcrop.2010.01.011



148

peLtoLa r., SaLKinoja-SaLonen M., puLKKinen j., KoiVunen M., turpeinen a.r., aarnio t., ro-
MantScHuK M. 2006. Nitrification in polluted soil fertilized with fast- and slow-releasing 
nitrogen: A case study at a refinery landfarming site. Environ. Pollut., 143: 247-253. DOI: 
10.1016/j.envpol.2005.11.029

PN-ISO 11466:2002. Soil quality – Extraction of trace elements soluble in aqua regia. (in Polish)
quarity o., Gouia j., GHorBaL M.H. 1997. Responses of bean and tomato plants to cadmium: 

growth, mineral nutrition and nitrate reduction. Plant Physiol. Biochem., 35: 347-354.
Regulation on soil quality standards. 2002. Journal of Law of the Republic of Poland, no 165, 

item 1359.
roSada j., GrzeSiaK j. 2009. Distribution of copper, lead and zinc forms in solid phase of soils 

influenced by emission of copper smelter “Głogów”. Prog Plant Protect., 49(3): 1155-1158. (in 
Polish) http://www.progress.plantprotection.pl/pliki/2009/49-3-70.pdf

SaraMäKi j., Hytönen j. 2004. Nutritional status and development of mixed plantations of silver 
birch (Betula pendula Roth) and Downy birch (Betula pubescens Ehrh.) on former agricul-
tural soils. Balt Forest., 10(1): 2-11.

SHaHBaz M., tSenG M.H., StuiVer c.e.e., KoraLewSKa a., poStHuMuS F.S., VeneMa j.H., parMar 
S., ScHat H., HawKeSFord M.j., de KoK L.j. 2010. Copper exposure interferes with the regu- 
lation of the uptake, distribution and metabolism of sulfate in Chinese cabbage. J Plant 
Physiol., 167: 438-446. DOI: 10.1016/j.jplph.2009.10.016

radHa SoLanKi, rajeSH dHanKHar 2011. Biochemical changes and adaptive strategies of plants 
under heavy metal stress. Biologia, Sect. Botany, 66(2): 195-204. DOI: 10.2478/s11756-011-
0005-6

taKeda H. 1998. Decomposition processes of litter along a latitudinal gradient. For Sci., 54: 197-
206. DOI: 10.1007/978-94-011-5324-9_20

Van aSScHe F., cLijSterS H. 1990. Effects of metals on enzyme activity in plants. Plant. Cell En-
viron., 13: 195-206.

Van aSScHe F., cLjSterS H. 1986. Inhibition of photosynthesis in Phaseolus vulgaris by treat-
ment with toxic concentration of zinc: effect on ribulose-1,5-bisphosphate carboxylase/ oxy-
genase. J. Plant Physiol., 125: 355-360.

wanG y.p., SHi j.y., Lin q., cHen x.c., cHen y.x. 2007. Heavy metal availability and impact on 
activity of soil microorganisms along a Cu/Zn contamination gradient. J Environ. Sci., 19: 
848-853. DOI: 10.1016/S1001-0742(07)60141-7

xionG z.t., Liu c., GenG B. 2006. Phytotoxic effects of copper on nitrogen metabolism and plant 
growth in Brassica pekinensis Rupr. Ecotox. Environ. Safe., 64: 273-280. DOI: 10.1016/j.
ecoenv.2006.02.003



J. Elem. s. 149–159 DOI: 10.5601/jelem.2013.18.4.541

do water filters imProve  
the quality of Potable water? 

1Elżbieta Królak, Jolanta raczuk, Elżbieta Biardzka
Department of Ecology and Environment Protection  

Siedlce University of Natural Sciences and Humanities

Abstract

It is common knowledge that household water filtration systems cause water deminerali-
sation. However, the available literature lacks data concerning to what extent filters decrease 
concentrations of chosen mineral components in water. The aim of the study was to estimate the 
effect of filters mounted on domestic water intakes on the changes in selected water properties. 
Water samples filtered in a reverse osmosis system and not enriched by further mineralization 
were taken for the study. Total hardness, concentrations of magnesium, calcium, chloride and 
nitrate ions and water pH and conductivity were determined after filtration and compared with 
the same parameters in water from the waterworks. Randomly chosen water samples used for 
the study were taken from sites in north-eastern Poland. The analyses were carried out accor-
ding to current standards. All the studied samples of unfiltered water met the drinking-water 
quality standards laid down by the Regulation of the Minister of Health. In the study, it was 
demonstrated that water filters significantly decreased electrolytic conductivity as well as the 
concentrations of magnesium and calcium ions (decisive for water hardness) and chlorides. The 
analysed filters also increased water acidity. Drinking filtered water decreases the share of 
water in the recommended dietary allowance (RDA) for calcium and magnesium and may result 
in many diseases, which is discussed in the paper. No positive effect of water filters on nitrate 
concentrations was found. The authors proved that installing household water treatment devices 
seems unnecessary, especially when water is purchased from municipal waterworks and tested 
as safe for human consumption.

Key words: unfiltered water, filtered water, total hardness, magnesium, calcium, chlorides, 
nitrates, electrolytic conductivity, water pH.

introduction

Assessment of potable water quality is standardised in Poland by the 
Regulation of the Minister of Health of 29 March 2007 on the requirements 
pertaining to the quality of potable water (Regulation... 2007 with subse-
quent amendments Regulation... 2010). The document takes into account 
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the recommendations given in the Council Directive 98/83 EC on the quality 
of water intended for human consumption. It contains i.a. strictly defined 
chemical requirements which potable water should conform to. Total hard-
ness, concentrations of magnesium, chlorides and nitrates and electrolytic 
conductivity and pH are among standardised chemical indices.

Total hardness is determined by the content of divalent cations, mainly 
by calcium and magnesium. Both are considered macroelements. Calcium 
and magnesium are indispensable components of human diet – they both 
participate in many physiological processes in the human organism at sub-
cellular, cellular and tissue levels. Their deficit or excess leads to hypocalce-
mia and hypomagnesemia, respectively (Kołłątaj, SzewczyK 2006, paSternaK 
et al. 2010, GrzeBiSz 2011, BłaSzczyK, duda-cHodaK 2013). 

Magnesium activates over 300 enzymatic reactions. It participates in 
the transformation of proteins, lipids, nucleic acids; magnesium is also an 
activator of enzymes associated with the transfer of phosphate groups, it par-
ticipates in reactions with ATP, in nucleic DNA transcription, in translation 
of mRNA in ribosomes and finally it stabilises cell membranes. The Recom-
mended Dietary Allowance (RDA) for magnesium is 300 - 350 mg for adults, 
being even higher for children and adolescents, breastfeeding and pregnant 
women and persons exposed to stress or intensively exercising (KnypL 2005, 
paSternaK et al. 2010, GrzeBiSz 2011, BłaSzczyK, duda-cHodaK 2013).

Calcium is the basic component of bone structure. It plays an important 
role in the contraction of smooth, skeletal and heart muscles, participates in 
blood coagulation, affects the synthesis and release of antibodies, the synthe-
sis of structural and regulatory proteins and release of some hormones (e.g. 
insulin) (Kołłątaj, SzewczyK 2006). The Recommended Dietary Allowance 
(RDA) of calcium for adult humans is 1000 mg (januSzKo et al. 2012).

Daily supply of calcium and magnesium with drinking water should 
constitute at least 15% of the RDA. The ratio of Ca2+ to Mg2+ ions is also im-
portant. The molar Ca to Mg ratio equal 2 ensures optimum assimilation of 
both elements by the human body (wojtaSzeK 2006).

The presence of chlorides, mainly as NaCl, in food maintains proper os-
motic pressure in cells. Chlorides are the main component of digestive acids 
in the stomach. They maintain acid-base equilibrium and activate some en-
zymes,like amylase. Chloride ions are ingested in the form of salts, mainly as 
NaCl. The recommended daily NaCl consumption is 3-6 g (SuLiBurSKa 2010).

Nitrates are undesirable in excessive amounts in natural water. In the 
human alimentary tract, they are easily reduced to nitrites, which cause 
methemoglobinemy (the so-called “blue baby syndrome”) and hypertension, 
increased infant mortality, diabetes, central nervous system birth defects, 
spontaneous abortions, respiratory tract infections and changes in the im-
mune system (FewtreLL 2004). The presence of nitrates in human diet may 
result in the formation of N-nitrozo compounds, many of which are cancero-
genic (nowaK, LiBudziSz 2008). The Joint FAO/WHO Expert Committee on 
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Food Additives (JECFA 2003) and Commission Regulation (Commission … 
2011) established the Acceptable Daily Intake (ADI) of nitrates at 0-3.7 mg 
kg-1 body weight.

The Regulation of the Minister of Health on the quality of water intend-
ed for human consumption (Regulation ... 2007) imposes an obligation on the 
State Sanitary Inspection to issue regional assessments of water quality and 
to estimate health risk of consumers. The content of nitrates in drinking wa-
ter should not exceed 50 mg dm-3, concentrations of chlorides should be less 
than 250 mg dm-3, total hardness – 60-500 mg CaCO3 dm-3, concentration  
of magnesium 30-125 mg dm-3, electrolytic conductivity should not exceed 
2500 mS cm-1 and pH 6.5-9.5. The calcium concentration in drinking water is 
not limited but its content determines water hardness and concentrations of 
calcium and magnesium in waters are significantly and positively correlated 
(czeKała et al. 2011).

Water filters have recently been often installed in many households to 
improve the quality of water intended for consumption. Filter producers 
asssure their clients that they will have water of excellent quality (derKow-
SKa-Sitarz, adaMczyK-Lorenc 2008). Some studies (droBniK 2002, droBniK, 
Latour 2005, derKowSKa-Sitarz, adaMczyK 2008) underlined that the con-
sumption of demineralized water may disturb the electrolytic equilibrium 
in an organism and exert negative effects on consumers’ health. There is 
no information, however, to what extent filters decrease concentrations of 
selected ions in water.

Analyses undertaken within this study were aimed at estimating the ef-
fect of water filters on chemical properties of drinking water, with a specific 
focus on the indices like total hardness, concentrations of magnesium, calci-
um, chlorides, nitrates and water pH and electrolytic conductivity.

material and methods

Water samples were taken at random from 13 localities. In 10 sam-
pling sites (1 – Biała Podlaska, 2 – Ełk, 3 – Hajnówka, 4 – Harachwosty, 
5 – Korczew, 6 – Ozorów, 7 – Radzyń Podlaski, 8 – Siedlce, 9 – Warszawa 
Bemowo, 10 – Warszawa Centrum) water originated from municipal water-
works. In three other sites (11 – Biała Podlaska, 12 – Ruda Wolińska, 13 – 
Żeliszew Duży) water was sampled from farm wells. Water samples in sites 
11 and 13 were taken from dug wells at depths of 15 and 5 m, respectively; 
in site 12 the sample was taken from a drilled well at a depth of 20 m. In 
each sampling site, water was collected before and after the instalation of a 
filter, and at two sites this meant a time gap of ca. 1 month. The analyses 
were carried out in 2012 and samples from the farm wells were collected in 
July – August of that year. In total, 26 water samples were collected and 
each sample was analysed twice. Water samples filtered in a reversed os-
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mosis system and not enriched with additional mineralization were taken 
for the study. Total hardness, concentrations of calcium and magnesium 
(titration with sodium versenate) chlorides (argentometric method) nitrates 
(spectrophotometric method), electrolytic conductivity (with conductivity me-
ter) and pH (potentiometrically) were determined in water samples according 
to recommendations given in the Regulation of the Minister of Environment 
(Regulation … 2011).

The distribution of the data was tested with the Shapiro-Wilk test. The 
non-parametric Mann-Whitney U test was used to compare chemical pa-
rameters determined before and after the filters. Correlations between the 
analysed parameters were calculated with the Spearman rank correlation. 
All calculations were performed with the Statistica 10 software.

results

The results of determinations of particular components are illustrated in 
Figures 1 and 2. Table 1 shows values of the analysed parameters and sta-
tistical data. The analysed waters were characterised by a great variability 
of the components. In most samples, water hardness was between 200 and 
300 mg CaCO3 dm-3. The water from site 7 was the hardest, while that from 
site 12 was the least hard. Water hardness was mainly determined by the 
concentration of calcium ions (rs = 0.868, p < 0.05). In most unfiltered water 

Table 1
Statistical parameters of analyses of water samples before (BF) and after filter (AF)

Parameter
Before (BF)/ 
after (AF)

filter
Median Min Max Z p

CaCO3 (mg dm-3)
BF 264.2 146.1 311.3

4.205 <0.0001
AF 34.00 14.12 198.7

Mg2+ (mg dm-3)
BF 9.648 4.538 21.10

4.205 <0.0001
AF 3.400 1.148 4.860

Ca2+ (mg dm-3)
BF 82.24 50.92 113,8

4.103 <0.0001
AF 9.620 2.510 72,58

Cl- (mg dm-3)
BF 18.30 3.500 107.0

2.308 0.021
AF 5.400 1.400 25.50

NO3
- (mg dm-3)

BF 2.892 0.654 30.55
1.385 0.166

AF 1.408 0.473 8.414

Electrolytic conductivity 
(mS cm-1)

BF 555.0 332.0 758.0
4.154 <0.0001

AF 67.00 17.70 452.0

pH
BF 7.390 6.810 7.840

4.206 <0.0001
AF 6.520 4.410 6.930
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Fig.1.The results of analyses of total hardness and concentrations of magnesium  
and calcium ions in water before (BF) and after (AF) filter
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Fig. 2. The results of the analyses concentrations of chloride and nitrate ions and electrolytic 
conductivity in water before (BF) and after (AF) filter
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samples, the calcium concentration exceeded 80 mg dm-3, while in filtered 
waters this concentration was below 15 mg dm-3. In five samples of unfiltered 
water, the concentration of magnesium was above 10 mg dm-3 and in none 
of the filtered samples, the magnesium concentration exceeded 5 mg dm-3. 
The water filters decreased water hardness by 87% on average, including the 
decrease of Ca ions by 88% and Mg ions by 65% (Figure 1). The Ca : Mg mo-
lar ratio was 4.050 and 1.592 in unfiltered and filtered waters, respectively. 
Using water filters also resulted in the decrease of anion concentrations. 
This was particularly visible at high concentrations of chlorides and nitrates 
(Figure 2). The highest concentrations of chlorides (above 90 mg dm-3) were 
noted in samples from the Warsaw waterworks (sites 9 and 10). Concentra-
tions of nitrates in nine analysed samples of tap water did not exceed 5 mg 
dm-3. The highest nitrate concentrations (above 10 mg dm-3) were recorded 
in samples from farm wells (sites 11-13). The process of filtering affected 
the concentrations of chlorides (mean decrease by 70%) more than nitrates 
(mean decrease by 50%).

The highest electrolytic conductivity (above 700 µS cm-1) was found in 
samples from the Warsaw waterworks. In most analysed water samples, the 
conductivity fell in the range from 400 to 650 µS cm-1. Electrolytic conductivi-
ty in filtered waters decreased by ca 88% (Figure 2) compared with unfiltered 
waters. An increase of water acidity was also noted in filtered waters – the 
mean pH decreased from 7.39 to 6.52. Statistically significant differences of 
the mean values of water indices between unfiltered and filtered waters were 
found for all analysed parameters except nitrates (Table 1). Data presented 
in Figure 2 demonstrate higher concentrations of nitrates in water from farm 
wells (number of samples 11-13) than in waters from municipal waterworks 
(number of samples 1-10).

discussion

The results indicate that water filters installed in household water inta-
kes substantially alter the chemical composition of drinking water. Changes 
manifest themselves in the decrease of electrolytic conductivity and total 
hardness due to decreased concentrations of calcium and magnesium. The 
analyses of total hardness of unfiltered water revealed that the inhabitants 
of northeast Poland drink water of medium hardness. Filtered water was 
classified, after BiSzoF (2010), as very soft (CaCO3 concentration below 100 
mg dm-3). Total hardness of unfiltered water in the range from 60 to 500 
mg CaCO3 meets the norms set by the Minister of Health (Regulation … 
2007). After filtration, however, the concentration of CaCO3 in waters from 
11 intakes did not fulfil this requirement. The analytical results indicate 
that groundwater in the north-east of Poland, irrespective of a sampling 
site, had very low concentrations of magnesium (no more than 15 mg dm-3). 
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The magnesium concentration in unfiltered waters was below the obligatory 
standards – 30-125 mg dm-3 (Regulation … 2007). Filtration additionally de-
creases concentrations of both calcium and magnesium ions.

Long-term consumption of water poor in calcium and magnesium may 
result in disturbances in the electrolyte equilibrium. Deficit of magnesium 
may cause diseases of the cardiovascular system, disturbances of the cardiac 
cycle, weaknesses, vertigos and muscle contraction (GrzeBiSz 2011, BłaSzczyK, 
duda-cHodaK 2013, cieśLewicz et al. 2013). Pathological conditions associated 
with systemic magnesium deficiencies may be associated with disturbances 
of numerous neurophysiological processes, manifesting themselves in mi-
graine (ryBicKa et al. 2012). The symptoms of calcium deficiency include 
excessive neural and muscular excitability (contractions of eyelids, larynx, 
coronary arteries) and disturbances the cardiovascular system disorders (e.g. 
ventricular dysrhytmia). Chronic hypocalcemia leads to osteoporosis (Morr et 
al. 2006), increases the risk of brain stroke and raises blood pressure (jorde, 
Bonaa 2000). Supplementing the diet with both elements is very important. 
As underlined by KnypL (2005), the ions of magnesium, calcium and potas-
sium given simultaneously to geriatric patients interact synergistically and 
positively affect the functions of the cardiovascular system. 

Magnesium and calcium are much better assimilated from water than 
from food (januSzKo et al. 2012), and drinking soft water devoid of these 
elements may pose a much greater risk than consumption of hard water 
(derKowSKa-Sitarz, adaMczyK-Lorenc 2008). Consumption of highly minera-
lised waters, as underlined by SaLoMon and reGuLSKa-iLow (2013), supplies 
consumers with appropriate amounts of calcium and magnesium ions and in 
some cases may even cover the daily demand for these elements. 

Research shows that the consumption of 2 litres of unfiltered water co-
vers 10-20% of the daily demand for calcium and 7-14% – for magnesium. 
Drinking filtered water decreases the contribution of water in RDAs of both 
elements by several times. Because the magnesium concentrations in unfil-
tered water were below the level recommended by the Ministry of Health 
(Regulation … 2007), it is advisable to supplement the diet with magnesium 
in northeastern Poland. Supplementing the diet with both calcium and ma-
gnesium is recommended in the case of drinking filtered water. 

Optimum assimilation of calcium and magnesium by the human orga-
nism takes place at the 2:1 molar ratio of Ca:Mg in water (wojtaSzeK 2006). 
Water filters favourably alter the Ca:Mg ratio, but this is unimportant when 
the concentrations of both elements are low (wojtaSzeK 2006). 

The use of water filters significantly decreased water pH. This effect 
is directly associated with the concentration of bicarbonate ions co-existing 
with calcium and magnesium ions in drinking water. Waters rich in bicarbo-
nates alkalise stomach content (exerting positive effect in hyperacidity) and 
in the initial stages of diabetes they decrease the concentration of glucose in 
blood and urine (wojtaSzeK 2006).
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Noteworthy, water components analysed in randomly collected samples 
of unfiltered water conformed to the requirements for the quality of water 
intended for human consumption also with respect to chlorides and nitrates 
(Regulation … 2007).

The concentrations of chlorides in most samples were within the range 
typical for the hydrogeochemical background, which is 2-60 mg dm-3 for Po-
lish groundwaters (Regulation … 2008). Of particular interest was a high 
(above 90 mg dm-3) concentration of chlorides in samples from the Warsaw 
waterworks (samples 9 and 10), apparently caused by drinking water chlori-
nation. Samples of water from farm wells showed elevated concentrations of 
chlorides and nitrates compared with those from most waterworks intakes. 
Concentrations of nitrates above the groundwater hydrogeochemical backgro-
und (0-5 mg dm-3) indicate their anthropogenic origin. Due to high concen-
trations of nitrates, water from farm wells, irrespective of their depth, is of 
worse quality than water from municipal waterworks intakes. 

The results reported here indicate that the installed water filters did not 
significantly decrease nitrate concentrations in water. In some cases (sam-
ples 2, 3 and 8), a slight increase of nitrate concentrations in filtered water 
was noted. Much attention is paid in the literature to the presence of nitra-
tes in drinking water due to their negative effect on human health (Fao/
wHo 2003, FewtreLL 2004, SzczerBińSKi et al. 2006). Ou results showed that 
installed water filters did not significantly decrease nitrate concentrations 
in water samples but favourably decreased the Ca:Mg ratio. However, as 
pointed out by wojtaSzeK (2006), the ratio is of no importance when concen-
trations of both elements are low.

Noteworthy, water from municipal waterworks is controlled by the State 
Sanitary Inspectorate and its consumption should not pose a health risk. 
This was confirmed by results of studies made by wojtyła-Bucior and Mar-
cinKowSKi (2010) in Wielkopolska. Water from farm wells is not monitored by 
sanitary services. In some cases, its regular consumption may pose a health 
risk to consumers, mainly because of nitrate concentrations exceeding the 
standards (raczuK 2010, raczuK et al. 2013). The claims of manufacturers 
of water filters that their product may improve water quality mislead con-
sumers. Water filters installed in household water intakes mainly demine-
ralise drinking water (derKowSKa-Sitarz, adaMczyK-Lorenc 2008), which was 
also confirmed in this study. Irrespective of an intake, filtration of water in 
households without its supplementation with calcium and magnesium mar-
kedly decreases the concentration of ions important for proper functioning of 
the human organism. 
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conclusions

Water filters without additional mineralization installed in households:
-  significantly decrease total hardness, concentrations of magnesium, cal-

cium and chloride ions and electrolytic conductivity. They also decrease 
water pH but do not statistical significantly change nitrate concentra-
tions in drinking water, 

-  worsen the drinking water quality due to unfavorably decreased con-
centrations of calcium and magnesium and water pH. 
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Abstract

Most of the energy today is obtained from fossil fuels, which are becoming more expensive 
and less available. Energy from biomass produced on agricultural land is an alternative option. 
Energy crops should guarantee high yield and good quality parameters, associated with their 
use in energy production. This study analysed the thermophysical and chemical properties of 
biomass obtained from 15 new clones of willow selected in the Department of Plant Breeding 
and Seed Production of the University of Warmia and Mazury in Olsztyn. The plants were 
cultivated in one- and three-year rotation cycles, run in 2009-2011 at two research stations: in 
Bałdy and in Łężany. The energy content as well as elemental and physical properties of biomass 
were analysed. The higher heating value was better in biomass from one-year shoots (on average  
19.66 MJ kg-1 d.m.). The highest value of this parameter was recorded for the clone of Salix 
acutifolia UWM 093 (20.04 MJ kg-1 d.m.). The higher heating value in biomass of three-year old 
clones was on average lower by 0.06 MJ kg-1 d.m. The lower heating value in biomass increased in 
longer willow coppice harvest cycles. The highest lower heating value was recorded for the clone 
UWM 035 of Salix pentandra (9.27 MJ kg-1) harvested in a three-year cycle, whereas the lowest 
one was achieved by the clone of Salix dasyclados UWM 155 (7.55 MJ kg-1) harvested in a one- 
-year cycle. The average moisture content in three-year shoots was 50.01% d.m., being higher by 
2.31% in one-year shoots. The ash content was lower in biomass harvested in three-year rotation. 
In conclusion, willow biomass obtained in a three-year harvest cycle contains less of undesirable 
elements and proves to be better quality fuel than biomass obtained in a one-year harvest cycle.

Key words: higher and lower heating value, thermophysical properties, chemical properties, 
short rotation coppices, willow biomass, harvest cycles.
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introduction

Apart from food and environmental safety, energy safety is one of the 
key factors to the existence and development of our civilisation. Most of the 
energy today is obtained from fossil fuels, which are becoming more expensi-
ve and less available. Biomass is an alternative option. Its annual potential 
for use as an energy source is estimated to be 2900 EJ year-1 (KrzyŻaniaK 
et al. 2013). The EU Directive 2009/28/EC and the Energy Policy of Poland 
define it as a target to raise the share of renewable energy sources in the 
total energy consumption to 15% by 2020 and to 20% by 2030. Importantly, 
it is to be expected that the consumption of forest biomass for energy purpo-
ses is likely to decrease as woodlands are to be protected against excessive 
exploitation. Another goal is to promote sustainable biomass production on 
agricultural land for energy purposes (including biofuels) in order to avoid 
competition between renewable energy production and agriculture. Moreo-
ver, efforts will be made to increase diversification of energy sources and to 
create the optimum conditions for the development of distributed energy ge-
neration, based on locally available matter. Therefore, great hopes are placed 
in energy crop production.

Energy crops should ensure high yield and good quality parameters, 
associated with their use in energy production. Other features, very impor-
tant in agriculture, are a high yield of dry matter per hectare, low energy 
consumption and production cost, low content of contaminants and low ferti-
lisation needs (McKendry 2002).

The total area of land under perennial energy crops in Poland is small 
(10,202 ha). It is worth underlining that of all domestic sources of “green” 
energy, solid biomass will continue to be the main fuel in the generation of 
renewable energy. The trees and shrubs used as sources of energy that are 
most frequently mentioned in literature include: willow (Salix L.), poplar 
(Populus L.) and black locust (Robinia pseudoacacia L.) (GrünewaLd et al. 
2009, StoLarSKi et al. 2011, SerapiGLia et al. 2012, BucHHoLz, VoLK 2013).

Plantations of tree species, established on agricultural land, are referred 
to as short rotation coppice. Wood in such systems is harvested every one 
to six years. The biomass is usually of better quality than forest biomass 
or industrial and communal waste. The type of biomass fuel, including its 
physical and chemical characteristics, affects the entire process of its utilisa-
tion (transport, technology of combustion, gas emission and generating solid 
waste). Therefore, the characteristics of biomass as fuel should include a low 
moisture content, high energy content, adequate proportion of fixed carbon 
to volatile matter, low ash content and an appropriate content of alkaline 
metals. Importantly, values of the above parameters differ depending on the 
biomass type – straw, perennial semi-wood plants, wood (McKendry 2002, 
StoLarSKi et al. 2014). On the other hand, the thermophysical and chemical 
properties of wood biomass will differ depending on the species, cultivar and 
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clone, plant organs, harvest cycle duration (e.g. 1-3 years), fertilisation tech-
nology and the habitat conditions (adeGBidi et al. 2001, tHaraKan et al. 2003, 
cHin et al. 2013, KrzyŻaniaK et al. 2014).

The aim of this study was to determine the thermophysical and chemical 
properties of biomass of 15 new clones of willow cultivated in one- and three
-year rotation cycles.

material and methods 

Field experiments
Experiments on willow coppice were carried out in 2009-2011, in two re-

search stations of the University of Warmia and Mazury in Olsztyn (UWM), 
located in Bałdy and in Łężany Two controlled field experiments involved 15 
willow clones from the collection of the Department of Plant Breeding and 
Seed Production of UWM: 
1. Salix acutifolia UWM 093.
2. Salix alba UWM 095.
3. Salix dasyclados UWM 155.
4. Salix fragilis UWM 195.
5. Salix pentandra UWM 035.
6. Salix triandra UWM 198.
7.  Seven clones of Salix viminalis: UWM 006, UWM 063, UWM 067,  

UWM 144, UWM 145, UWM 146, UWM 196.
8. Salix viminalis x Salix amygdalina UWM 054.
9. Salix viminalis x Salix purpurea UWM 033.

In each experiment, clones were planted in a completely randomized de-
sign in three replicates. At the research station in Bałdy (53°35′ N, 21°08′ E), 
the field experiment was started in 2008. The plantation was set up on mud
-muck soil developed on calcareous gyttia lying on the loamy subsoil. The 
soil was classified as soil IVb in the Polish soil classification system. The gro-
undwater table was determined at below 80 cm. Cuttings (25 cm long) were 
planted in the second decade of April, at the density of 48 thousand pieces 
per ha. The plants were harvested in annual cycles (2009, 2010, 2011). At 
the research station in Łężany (53°58′ N, 20°36′ E), the field experiment was 
commenced in 2008. The soil under the experiment was classified as incom-
plete proper brown soil developed from medium loam on light silty clay. In 
agronomic terms, it was classified as IVa class, defective wheat complex. The 
groundwater table was below 150 cm. Cuttings (25 cm long) were planted 
in the third decade of April, at 25 thousand pieces per ha. The crops were 
harvested in a three-year cycle (2011).
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Laboratory analyses
Representative samples of biomass were taken from the plots during 

harvest. To this end, entire willow shoots were cut into pieces and placed in 
plastic bags. The samples were then transported to the laboratory of the De-
partment of Plant Breeding and Seed Production of the UWM. Immediately 
afterwards (no later than one day after collection and storage in a fridge, to 
preserve the initial moisture content), thermophysical and chemical proper-
ties of the biomass were determined. All determinations were conducted in 
three replications.

The moisture content was determined by the drying-weighing method, 
in accordance with Polish Standard PN-80/G-04511 (drying at 105±2°C un-
til constant weight). The higher heating value (HHV) of the biomass of the 
willow clones was determined in accordance with PN-81/G-04513 in an IKA 
C2000 calorimeter by the dynamic method. The HHV and moisture content 
of biomass were used to calculate the lower heating value (LHV). The con-
tent of ash, volatile matter and fixed carbon was determined with a ther-
mogravimetric analyser ELTRA TGA THERMOSTEP. This device operates 
in accordance with the following standards: ASTM D-5142, D-3173, D-3174, 
D-3175 and PN-G-04560:1998, PN- ISO 562. The carbon, hydrogen and 
sulphur content in willow biomass was determined with an Eltra CHS 500 
automatic analyser, intended for concurrent determination of those elements. 
The device works in line with the following standards: ISO-10694, ASTM 
E 1915-97, D-1552, D-4239, D-1619, DIN EN 13137 as well as PN-G-04584 
and PN-G-04517. The chlorine content in biomass was determined with the 
Eschka mixture. The nitrogen content in biomass was determined by the 
Kjeldahl method (modified by Zinneke) with a K-435 mineraliser and a B-324 
BUCHI distiller. The content values of the elements were used to calculate 
the oxygen content.

The results of determinations of the moisture content, HHV and LHV 
are presented in tables for all the clones used in the experiment. The content 
of ash, solid and volatile parts, as well as the concentrations of C, H, S, N, 
Cl and O are shown in figures as mean, minimum and maximum values for 
plants cultivated in one- and three-year cycles, which was due to editorial 
considerations.

Statistical analysis
The experiment results were analysed using Statistica 9.1 PL software 

(StatSoft Inc.). The arithmetic mean and standard deviation were calculated 
for all examined features. The analysis of variance (Anova) was applied and 
the Tukey test (HSD) was used to determine homogenous groups (the level 
of significance of α = 0.05) and correlation coefficients between the examined 
attributes.
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results and discussion

The average HHV of willow shoots in both harvest cycles was  
19.63 MJ kg-1 d.m. (Table 1). The significantly highest HHV was recorded for 
the clone UWM 093 of Salix acutifolia (19.90 MJ kg-1 d.m.). A homogenous 
group with the significantly lowest value of the feature included UWM 198 

Salix triandra (19.32 MJ kg-1 d.m.). Higher average values of the HHV were 
recorded for the clones harvested in the one-year cycle (19.66 MJ kg-1 d.m.), 
being lower by 0.06 MJ kg-1 d.m. for the three-year cycle. The significantly 
highest HHV was recorded for UWM 093 Salix acutifolia in the one-year 
harvest cycle (20.04 MJ kg-1 d.m.). Another homogenous group included 
the UWM 035 Salix pentandra clone in the same harvest cycle (19.88 MJ 
kg-1 d.m.). A homogenous group with the significantly lowest HHV included 
UWM 198 Salix triandra in the three-year harvest cycle. The HHV was si-
gnificantly positively correlated with the content of carbon, nitrogen, sulphur 
and with the content of fixed carbon (Table 2).

Table 1
Higher Heating Value (MJ kg-1 d.m.) of willow biomass cultivated in one-year and three-year 

rotation cycles

Species Clone Annual harvest cycle Triennial harvest cycle Average

S. acutifolia UWM 093 20.04±0.09 a 19.76±0.02 c 19.90±0.15 a
S. alba UWM 095 19.58±0.07 e 19.64±0.00 d 19.61±0.03 d
S. dasyclados UWM 155 19.53±0.14 f 19.45± 0.02 g 19.49±0.05 f
S. fragilis UWM 195 19.56±0.09 f 19.42±0.04 g 19.49±0.08 f
S. pentandra UWM 035 19.88±0.05 b 19.84±0.05 b 19.86±0.04 b
S. triandra UWM 198 19.46±0.12 g 19.18±0.01 h 19.32±0.15 g

S. viminalis

UWM 006 19.68±0.17 c 19.58±0.03 e 19.63±0.06 d
UWM 063 19.53±0.11 f 19.56±0.02 f 19.54±0.02 e
UWM 067 19.56±0.10 f 19.50±0.04 f 19.53±0.04 e
UWM 144 19.60±0.08 e 19.80±0.03 b 19.70±0.11 c
UWM 145 19.73±0.04 c 19.75±0.03 c 19.74±0.03 c
UWM 146 19.69±0.04 c 19.60±0.01 e 19.65±0.05 d
UWM 196 19.66±0.10 d 19.59±0.01 e 19.62±0.04 d

S. viminalis x
S. amygdalina UWM 054 19.66±0.10 d 19.46±0.00 g 19.56±0.11 e

S. viminalis x
S. purpurea UWM 033 19.72±0.15 c 19.82±0.01 b 19.77±0.06 c

Mean 19.66±0,17 a 19.60±0.18 b 19.63±0.16

± standard error of the mean; a, b, c… homogenous groups
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The average moisture content of willow shoots was 51.17% in both 
harvest cycles (Table 3). The significantly highest moisture content was 
found in the biomass of the UWM 155 Salix dasyclados clone (54.18%). The 
value of this characteristic was the lowest in UWM 035 Salix pentandra 
(48.50%). The other clones made up 5 homogenous groups with the moistu-
re content of biomass ranging from 53.17 to 49.12%. A significantly higher 
moisture content in biomass (52.32%) was recorded in the one-year harvest 
cycle for all the clones. This property was lower in value by 2.31% in the 
three-year harvest cycle The significantly highest moisture content was fo-
und in biomass of UWM 155 Salix dasyclados in the one-year harvest cycle 
(54.56%), while being significantly the lowest in biomass of UWM 196 Salix 
viminalis in the three-year harvest cycle (47.06%). The same homogenous 
group included UWM 195 Salix fragilis, UWM 198 Salix triandra, UWM 035 
Salix pentandra and UWM 063 Salix viminalis, all cultivated in the three-y-
ear harvest cycle.

The average LHV of willow biomass was 8.34 MJ kg-1 (Table 4). The si-
gnificantly highest value of this property was recorded for biomass of UWM 
035 Salix pentandra (9.04 MJ kg-1). Another homogenous group included 
UWM 063 Salix viminalis, UWM 093 Salix acutifolia and UWM 196 Sa-
lix viminalis. The LHV for their biomass was 8.64, 8.73 and 8.78 MJ kg-1, 
respectively. The other clones made up four homogenous groups with the 
LHV ranging from 8.43 MJ kg-1 (UWM 195 Salix fragilis) to 7.61 MJ kg-1 
(UWM 155 Salix dasyclados). Regarding the harvest cycles, a higher LHV 

Table 2
Pearson correlations coefficients between analysed biomass features

Specifi- 
cation

Moisture 
content HHV LHV Fixed 

carbon
Volatile 
matter Ash C H N S Cl

Moisture 
content* 1.00 0.04 0.98 0.52 -0.53 0.52 -0.15 -0.51 0.55 0.54 0.43

HHV 0.04 1.00 0.14 0.23 -0.26 0.07 0.22 0.06 0.28 0.34 0.11
LHV -0.98 0.14 1.00 -0.47 0.48 -0.50 0.19 0.51 -0.49 -0.47 -0.41

Fixed  
carbon 0.52 0.23 -0.47 1.00 -0.97 0.65 0.14 -0.39 0.87 0.77 0.61

Volatile 
matter -0.53 -0.26 0.48 -0.97 1.00 -0.77 -0.14 0.30 -0.88 -0.76 -0.58

Ash 0.52 0.07 -0.50 0.65 -0.77 1.00 -0.02 -0.26 0.69 0.56 0.44
C -0.15 0.22 0.19 0.14 -0.14 -0.02 1.00 0.28 0.23 -0.11 -0.11
H -0.51 0.06 0.51 -0.39 0.30 -0.26 0.28 1.00 -0.34 -0.39 -0.38
N 0.55 0.28 -0.49 0.87 -0.88 0.69 0.23 -0.34 1.00 0.76 0.53
S 0.54 0.34 -0.47 0.77 -0.76 0.56 -0.11 -0.39 0.76 1.00 0.47
Cl 0.43 0.11 -0.41 0.61 -0.58 0.44 -0.11 -0.38 0.53 0.47 1.00

* Significat correlations (p value ≤0,05) are indicated in bold
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was recorded for biomass harvested in the three-year cycle (8.58 MJ kg-1 
on average). The significantly highest value of the feature (9.27 MJ kg-1 for 
UWM 035 Salix pentandra) was determined in the same harvest cycle. On 
the other hand, the significantly lowest LHV was found for UWM 155 Salix 
dasyclados (7.55 MJ kg-1) obtained in a one-year harvest cycle. The LHV was 
significantly negatively correlated with the biomass moisture content, fixed 
carbon, the content of ash, nitrogen, sulphur and chlorine (Table 2).

The average ash content in biomass from willow shoots was 12.8 g kg-1 
d.m. for both harvest cycles. The significantly highest value of the feature 
was recorded for UWM 195 Salix fragilis (15.9 g kg-1 d.m.), whereas the  
lowest one was determined for UWM 198 Salix triandra (11.0 g kg-1 d.m.). 
The content of ash in the biomass of willow coppice harvested in a one-year 
cycle was higher by 3.0 g kg-1 d.m. than in that harvested in a three-year 
cycle (Figure 1). The significantly highest content was found in biomass of 
UWM 195 Salix fragilis harvested in the one-year cycle (19.7 g kg-1 d.m.). The 
significantly lowest ash content was determined in biomass of UWM 033 Salix 
viminalis x S. purpurea, harvested in the three-year cycle (9.2 g kg-1 d.m.).

The content of fixed carbon in the biomass was 208.3 g kg-1 d.m. in both 
harvest cycles. The significantly highest value of the parameter was deter-

Table 3
Moisture content (%) of willow biomass cultivated in one-year and three-year rotation cycles

Species Clone Annual harvest cycle Triennial harvest cycle Average

S. acutifolia UWM 093 51.01±1.90 f 49.02±0.03 g 50.02±1.07 e
S. alba UWM 095 52.93±1.25 c 51.35±0.18 f 52.14±0.86 c
S. dasyclados UWM 155 54.56±2.83 a 53.79±0.07 b 54.18±0.52 a
S. fragilis UWM 195 52.62±1.29 d 48.18±0.20 h 50.40±2.39 e
S. pentandra UWM 035 49.56±1.17 g 47.44±0.06 h 48.50±1.14 g
S. triandra UWM 198 51.98±1.61 e 48.25±0.05 h 50.11±2.01 e

S. viminalis

UWM 006 52.31±1.22 d 51.05±0.21 f 51.68±0.73 c
UWM 063 51.44±0.80 e 47.82±0.20 h 49.63±1.95 f
UWM 067 52.84±1.92 c 51.22±0.00 f 52.03±0.98 c
UWM 144 53.79±1.66 b 52.55±0.41 d 53.17±0.83 b
UWM 145 53.52±2.10 b 52.41±0.37 d 52.97±0.81 b
UWM 146 52.91±1.96 c 49.47±0.16 g 51.19±1.85 d
UWM 196 51.17±0.98 f 47.06±0.17 h 49.12±2.21 f

S. viminalis x 
S. amygdalina UWM 054 50.89±0.70 f 50.60±0.21 g 50.74±0.21 d

S. viminalis x 
S. purpurea UWM 033 53.29±1.22 b 49.99±0.14 g 51.64±1.77 c

Mean 52.32±2.00 a 50.01±2.01 b 51.17±2.06

± standard error of the mean; a, b, c… homogenous groups
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mined in biomass of UWM 196 Salix viminalis (217.0 g kg-1 d.m.). The other 
clones made up seven homogenous groups with the content of this element 
ranging from 212.1 g kg-1 d.m. (UWM 145 Salix viminalis) to 202.8 g kg-1 
d.m. (UWM 195 Salix fragilis). With respect to the harvest cycles, the signi-
ficantly highest fixed carbon content was found in biomass of willow culti-
vated in the one-year cycle (218.9 g kg-1 d.m.) – Figure 1. The value of this 
characteristic was 21.3 g kg-1 d.m. lower in biomass harvested from plants 
cultivated in the three-year cycle. The significantly highest value was deter-
mined for UWM 054 Salix viminalis x Salix amygdalina, cultivated in the 
one-year cycle. Another homogenous group was composed of the clones UWM 
196 and UWM 145 Salix viminalis (both 244.8 g kg-1 d.m.) and UWM 033 
Salix viminalis x S. purpurea (223.3 g kg-1 d.m.) in the same harvest cycle. 
The significantly lowest content of fixed carbon was determined in biomass 
of UWM 195 Salix fragilis cultivated in the three-year cycle.

The content of volatile matter in biomass of willow cultivated in both 
harvest cycles averaged 778.7 g kg-1 d.m. The significantly highest value of 
this feature was found for UWM 198 Salix triandra (786.7 g kg-1d.m.). The 

Table 4
Lower heating value (MJ kg-1) of willow biomass cultivated in one-year  

and three-year rotation cycles

Species Clone Annual harvest 
cycle

Triennial harvest 
cycle Average

S. acutifolia UWM 093 8.57±0.46 d 8.88±0.00 b 8.73±0.16 b
S. alba UWM 095 7.93±0.29 h 8.30±0.04 e 8.11±0.20 d
S. dasyclados UWM 155 7.55±0.65 i 7.68±0.01 i 7.61±0.10 f
S. fragilis UWM 195 7.98±0.29 h 8.89±0.02 b 8.43±0.49 c
S. pentandra UWM 035 8.82±0.25 b 9.27±0.01 a 9.04±0.24 a
S. triandra UWM 198 8.08±0.33 g 8.75±0.01 d 8.41±0.36 c

S. viminalis

UWM 006 8.11±0.23 g 8.34±0.06 e 8.22±0.14 c
UWM 063 8.23±0.21 f 9.04±0.04 a 8.64±0.43 b
UWM 067 7.94±0.40 h 8.26±0.02 f 8.10±0.20 d
UWM 144 7.75±0.38 i 8.11±0.10 g 7.93±0.23 e
UWM 145 7.86±0.47 h 8.12±0.07 g 7.99±0.18 e
UWM 146 7.98±0.44 h 8.70±0.04 d 8.34±0.39 c
UWM 196 8.35±0.18 e 9.22±0.03 a 8.78±0.47 b

S. viminalis x S. 
amygdalina UWM 054 8.41±0.12 e 8.38±0.04 e 8.40±0.04 c

S. viminalis x
S. purpurea UWM 033 7.91±0.27 h 8.69±0.04 d 8.30±0.42 c

Mean 8.10±0.47 b 8.58±0.44 a 8.34±0.46

± standard error of the mean; a, b, c… homogenous groups
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other clones made up seven homogenous groups with values ranging from  
783.3 g kg-1 d.m. (UWM 035 Salix pentandra) to 770.7 g kg-1 d.m. (UWM 196 
Salix viminalis). The biomass of willow cultivated in the three-year harvest 
cycle contained more volatile matter (by an average of 23.9 g kg-1 d.m.) than 
the biomass of plants cultivated in the one-year cycle (Figure 1). The content 
of this component was the highest in biomass of UWM 198 Salix triandra 
cultivated in a three-year cycle. The same homogenous group also included 
UWM 054 Salix viminalis x S. amygdalina cultivated in the three-year ro-
tation. The other clones made up 10 homogenous groups, with the volatile 
matter content ranging from 796.5 g kg-1 d.m. to the significantly lowest 
value of 756.1 g kg-1 d.m. (UWM 054 Salix viminalis x S. amygdalina, in the 
one-year harvest cycle).

The average content of carbon element in biomass of plants cultiva-
ted in both harvest cycles was 509.1 g kg-1 d.m., with values ranging from 
522.3 to 501.2 g kg-1 d.m. Biomass harvested in the one-year cycle contained  
1.4 g kg-1 d.m. more of this component than in the three-year cycle (Figure 2). 
The highest carbon content was found in biomass of UWM 093 Salix acuti-
folia (527.5 g kg-1 d.m.) cultivated in the one-year cycle, and the lowest one 
was in UWM 144 Salix viminalis from the three-year harvest cycle.

The hydrogen content in biomass of both harvest cycles averaged  
63.0 g kg-1 d.m. The highest content of this element was found in biomass 
of UWM 093 Salix acutifolia. The other clones made up five homogenous 
groups with the hydrogen content ranging from 63.9 to 61.8 g kg-1 d.m.  
The biomass of willow harvested in the three-year cycle contained more  
hydrogen (63.5 g kg-1 d.m.) than in the one-year cycle (62.5 g kg-1 d.m.) – 
Figure 2. The significantly highest content of this element was found in 
biomass of UWM 093 Salix acutifolia cultivated in the three-year cycle  
(67.6 g kg-1 d.m.). The highest content of this element in plants cultivated in 
the one-year cycle was not qualified until the third homogenous group, being 
lower by 3.9 g kg-1 d.m. The significantly lowest hydrogen content througho-

Fig. 1. Fixed carbon, volatile matter and ash content (g kg-1) in biomass of willow cultivated in 
one-year (a) and three-year (b) rotation cycles
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ut the whole experiment was found in biomass of UWM 067 Salix viminalis 
cultivated in the three-year cycle.

The nitrogen content in willow biomass averaged 5.3 g kg-1 d.m. The si-
gnificantly highest content of the element was found in biomass of UWM 095 
Salix alba (6.9 g kg-1 d.m.). On the other hand, UWM 144 Salix viminalis 
contained the significantly smallest amount of this element (4.4 g kg-1 d.m.). 
The biomass of willow cultivated in the one-year harvest cycle contained, on 
average, twice as much nitrogen as the biomass of clones grown in the three
-year harvest cycle (Figure 2). The significantly highest content of nitrogen 
was found in the biomass of UWM 145 and UWM 146 Salix viminalis (7.8 g  
kg-1 d.m.) from the one-year harvest cycle. The same homogenous group 
contained four other clones cultivated in the same harvest cycle. The signi-
ficantly lowest nitrogen content was found in the clones cultivated in the 
three-year harvest cycle: UWM 196 and UWM 144 (2.8 g kg-1 d.m.), both of 
the Salix viminalis species.

The content of sulphur in the biomass of the clones used in the experi-
ment, in both harvest cycles, averaged 0.34 g kg-1 d.m. The highest content of 
this element was found in the biomass of UWM 144 Salix viminalis (0.45 g  
kg-1 d.m.), being significantly the lowest in the biomass of UWM Salix triandra 
(0.13 g kg-1 d.m.). As for the harvest cycles, the sulphur content in biomass of 
willow cultivated in the one-year cycle (Figure 2) was nearly double than that 
from the three-year cycle. The significantly highest content of this parameter 
was found in the biomass of UWM 095 Salix alba cultivated in the one-year 
cycle (0.55 g kg-1 d.m.). The same homogenous group included UWM 035 Salix 
pentandra. The other clones made up six homogenous groups with the content 
of sulphur ranging from 0.49 g kg-1 d.m. in UWM 146 Salix viminalis and UWM 
033 Salix viminalis x S. purpurea (cultivated in the one-year harvest cycle) to 
0.14 g kg-1 d.m. in UWM 155 Salix dasyclados (in the three-year harvest cycle).

The average chlorine content in the biomass of clones cultivated in the 
one-year and three-year harvest cycles was 0.14 g kg-1 d.m. The significantly 

Fig. 2. Elemental analysis of willow biomass (g kg-1) cultivated in one-year (a) and three-year 
(b) rotation cycles
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highest content of this element was determined in the biomass of UWM 195 
Salix fragilis and UWM 196 Salix viminalis (0.17 g kg-1 d.m.). The same ho-
mogenous group also included UWM 095 Salix alba and UWM 155 Salix 
dasyclados with the chlorine content lower by 0.01 g kg-1 d.m. The other 
clones made up three homogenous groups. The significantly lowest chlorine 
content was determined in the biomass of UWM 054 Salix viminalis x  
S. amygdalina. The biomass of the clones cultivated in the one-year cycle 
contained more chlorine (0.16 g kg-1 d.m.) than in the three-year cycle  
(0.11 g kg-1 d.m.) – Figure 2. The significantly highest Cl content was found 
in biomass of UWM 196 Salix viminalis cultivated in the one-year harvest 
cycle (0.20 g kg-1 d.m.). A homogenous group with the lowest chlorine content 
was made up of UWM 067 Salix viminalis and UWM 054 Salix viminalis x 
S. amygdalina cultivated in the three-year cycle (0.05 and 0.04 g kg-1 d.m., 
respectively).

The amount of energy (higher and lower heating value) as well as the 
thermophysical and chemical composition of biomass (carbon, sulphur, hy-
drogen, nitrogen as well as ash and moisture content) are very important 
characteristics of biomass used for energy purpose and production of bio-
materials. For example, ash and chlorine formed in the process of biomass 
combustion (responsible for particulate emission and corrosion), affect the 
operation of boilers, installation safety and its later use or utilisation. The 
composition of feedstock also influences the quality of bio-products obtained 
by thermochemical conversions (wiLSon et al. 2013).

The higher heating value determined in this study was slightly higher 
when biomass was grown in the one-year harvest cycle. The higher HHV of 
one-year willow shoots resulted from those shoots having more bark and, 
consequently, more lignin than older plants (KLaSnja et al. 2002, KoMoro-
wicz et al. 2009). FijałKowSKa and StySzKo (2011) showed that the HHV 
varied in biomass of 9 willow clones, ranging from 18.45 to 18.77 MJ kg-1 
d.m. StoLarSKi (2009) examined 5 willow cultivars: Duotur and Corda (Salix 
alba), Tur, Turbo and UWM 046 (Salix viminalis) and found the lower and 
higher heating values to be diverse as well. The HHV averaged 19.2 MJ 
kg-1. The highest HHV was determined in biomass of cv. Tur. The HHV of 
willow biomass is high compared to other types of biomass. For example, the 
HHV of stems of Virginia mallow ranged from 17.17 to 18.50 MJ kg-1 d.m. 
(SzySzLaK-BarGLowicz et al. 2012). On the other hand, the HHV of giant mi-
scanthus, most frequently cultivated as an energy crop, ranged from 16.58 to 
17.96 MJ kg-1 d.m. (KoMorowicz et al. 2009).

The moisture content of willow biomass in this study decreased as the 
harvest cycle was prolonged. This relationship was confirmed by StoLarSKi 
(2009) for willow grown in one-, two-, and three-year harvest cycles. The 
moisture content in willow wood was high compared to the biomass of peren-
nial semi-wood plants and grasses. The moisture content in Virginia mallow 
harvested in December was 25.7%, thus being much lower than in willow 
shoots – 52.9% on average (BorKowSKa 2005). In addition, the moisture con-
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tent in grasses is lower than in willow (as determined in this study), varying 
from 16.0 to 26.2% depending on a species (StoLarSKi 2008).

The lower heating value (the amount of energy which can be utilised) 
was equal to 8.58 MJ kg-1 in this study, when willow was harvested in the 
three-year cycle and 8.10 MJ kg-1 in the one-year harvest cycle. Therefore, 
it increased as the harvest cycle duration was extended from one to three 
years. This characteristc was strongly and negatively correlated to the 
moisture content in biomass. The LHV of willow wood immediately after 
harvest is lower compared to that of perennial plants or grasses. However, 
willow shoots can be stored (seasoned) to reduce their moisture content by as 
much as 70-80% (GiGLer et al. 2000).

The ash content in biomass harvested every three years was lower by  
3.0 g kg-1 d.m. compared to the one-year harvest cycle. The ash content decre-
asing with an increasing harvest cycle duration has been confirmed in other 
studies (KLaSnja et al. 2002, KoMorowicz et al. 2009, StoLarSKi 2009, KrzyŻa-
niaK et al. 2014). The relationship is associated with less bark vs wood in older 
(thicker) shoots. The value of ash content determined in wood of Salix alba 
ranged from 5.2 to 8.9 g kg-1 d.m. On the other hand, its value in the bark of 
shoots ranged from 47.7 to 59.4 g kg-1 d.m. The authors mentioned that the 
share of bark in willow biomass was from 26.7% in a one-year harvest cycle 
down to just 16.7% in a two-year cycle (KLaSnja et al. 2002). tHaraKan et al. 
(2003) determined an average ash content in biomass of 30 clones of willow 
cultivated in a three-year harvest cycle to be 20 g kg-1 d.m. The value ranged 
from 13 in Salix purpurea 94003 to 27 g kg-1 d.m. in the hybrid S. erio 39 x  
S. petiolaris 47 S599. Interestingly, willow wood contains less ash than peren-
nial plants or grasses, where the values can be up to 30-50 g kg-1 d.m. (tHara-
Kan et al. 2003, KaLeMBaSa 2006, StoLarSKi 2008, BroSSe et al. 2012).

The content of undesirable elements, such as nitrogen, sulphur and 
chlorine, in willow biomass decreased with the duration of a harvest cycle 
changed from one to three years. However, willow biomass harvested in shor-
ter cycles still contains less sulphur and chlorine than grass and semi-wood 
species (KaLeMBaSa et al. 2005, StoLarSKi et al. 2014). This is important for 
the environment and technologies, because chlorine causes corrosion where-
as sulphur and nitrogen are responsible for the emission of hazardous gases 
(sulphur and nitrogen oxides) to the atmosphere in the process of biomass 
combustion. For energy producers, it is essential to secure a supply of good 
quality energy feedstock from a documented source e.g. forest or agricul-
tural biomass, which – for example in Poland – is a necessary condition 
for obtaining a ‘green certificate’. That is why power generating companies 
are interested in receiving so-called ‘fuel cards’, which contain information 
about the termophysical and chemical properties of biomass (SzyManowicz 
2011). Another equally important issue in the search for good quality and 
composition of solid biomass fuels is the low cost of generating electricity 
from combustion or co-combustion of this feedstock, as compared to other 
renewable energy sources (LüScHen, MadLener 2013). This makes biomass an 



173

energy source. Additionally lignocellulose biomass can be used for production 
of second generation ethanol or synthesis gas, which can also be used for the 
production of biofuels, heat or electricity (tijMenSen et al. 2002, nanda et al. 
2012, StoLarSKi et al. 2013). 

conclusions

The demand for biomass in Poland and in the European Union will 
continue to rise because of the binding regulations pertaining to the use of 
renewable sources of energy. A large share of biomass for energy genera-
tion should be produced in a sustainable manner, saving nature valuable 
areas. Some of the biomass will be recovered from waste, by-products and 
residues of the wood processing industry and agriculture, but most will be 
derived from dedicated energy crops, e.g. short rotation willow coppice. It 
is presumed that such plantations will be established on farmland of worse 
quality, less suitable for growing food or fodder crops. Thus, biomass will be 
grown in compliance with the sustainability requirements but it will be of 
better quality than biomass derived from waste or residues.

The study presented in this paper has been performed to determine the 
quality of biomass from 15 new clones of willow grown in a one- and three-
year harvest cycle. The analyses have demonstrated that the biomass of 
plants harvested in the one-year cycle was characterized by higher HHV. 
However, a higher moisture content in woody matter means a lower LHV 
(that is usable energy) compared to biomass from plants harvested in the 
three-year cycle. Also, the content of undesirable components in fuel (ash, 
sulphur, nitrogen and chlorine) was lower in the biomass of plants grown in 
the three-year rotation cycle. Thus, the willow biomass obtained in the three
-year harvest cycle contained less of undesirable elements and proved to be 
better quality fuel than biomass obtained in the one-year harvest cycle. The 
research on the biomass quality from willow short rotation coppice, present-
ed above, can be useful for energy industry and for selection of proper feed-
stock, suitable for requirements of a given facility or the conversion method 
it employs. These results are part of the research on Polish varieties and 
clones of willow developed at the Department of Plant Breeding and Seed 
Production of the University of Warmia and Mazury in Olsztyn. The whole 
research framework comprises studies on productivity of plants, economic 
efficiency, energy generation efficiency, and the effect of cultivation of energy 
crops on the environment. These issues will be discussed in the following 
articles.
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Abstract

Numerous papers concerning the research on the role of magnesium in an organism and 
the effects of its deficiency indicate many causes and mechanisms leading to a negative balance 
of this macroelement. One of the causes of magnesium deficiency in systems may be its malab-
sorption from the digestive track resulting from taking compounds complexing magnesium ions 
or using drugs destructive to saprophytic flora.

The results of our experiments testing in vitro the influence of β-lactam of penicillin G on 
the process of Mg2+ ions absorption through the intestinal membrane from solid dispersions con-
taining phosphatidylcholine (PC 45) and the salts of magnesium glutamate and its derivatives 
from glycine and arginine ligands are presented in this paper.

In order to make solid dispersions containing glutamate magnesium salts, auxiliary sub-
stances, polyvinylpyrrolidone (PVP) and phosphatidylcholine (PC45), were used. For the solid 
dispersions obtained by the Hansch method, partition coefficient in the system n - octanol/phos-
phate buffer was determined. Log P was calculated for the examined dispersions. 

Research on the degree of absorption of Mg2+ ions solid dispersions, which was the subject 
of the experiment, was done by the in vitro method, making use of a model of the intestine (il-
eum) of a rat. The evaluation of penicillin G influence on the degree of absorption of Mg2+ ions 
from solid dispersions containing magnesium salts was carried out by the above method.

The results of experiments indicate that an additional ligand (glycine, arginine) in the 
structure of magnesium glutamate particle significantly influences the change of the value of 
of the kinetic absorption parameter of Mg2+ ions from solid dispersions containing magnesium 
salts. Introducing an additional ligand induces an accelerated rate of diffusion of the examined 
salts through the intestine. 

It has been found that penicillin G hinders the degree of Mg2+ ions absorption of the exa-
mined solid dispersions in the small intestine.

Key words: magnesium glutamate, amino acids: glycine, arginine, penicillin G, solid dispersion, 
log P, absorption.
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introduction

An antibiotic therapy may weaken the immune system and induce mag-
nesium deficiency. In such a situation, antibiotics are sometimes adminis-
tered with magnesium supplements. Inorganic magnesium ions reduce the 
bioavailability of antibiotics (SatterwHite et al. 1992). The latest research 
results on interactions of antibiotics with minerals show that calcium, zinc, 
magnesium and iron compounds can interact with tetracycline, preventing 
absorption of an antibiotic. arayne et al. (2005) described that magnesium 
forms insoluble complexes with tetracyclines. Guz and BuGLa-płoSKońSKa 
(2007) explain that the inhibitory activity of tetracyclines is the effect of che-
lation of Ca2+ and Mg2+. Medications from the antacida group diminish the 
absorption of antibiotics and limitate their efficacy. Simultaneous admini- 
stration of both vitamin and mineral medications plus tetracycline causes 
undesirable reactions in and organism. Aminoglycoside antibiotics worsen 
Mg excretion in urine, causing or exacerbating its shortage (SandStroM 
2001). Lactam antibiotics significantly affect the process of methylation of 
the carboxyl groups in the protein, lowering the ascorbic acid (vitamin C) 
content (rodriGuez 1991, Guz, BuGLa-płoSKońSKa 2007). SuLiBurSKa (2010) 
showed that there is interaction between the drug and the diet, which in-
fluences the process of absorption and metabolism. Inhibited and delayed 
absorption of penicillin and amoxicillin has been noticed in the presence of 
ingested food. This negative effect on drug absorption is explained by cre-
ation of their insoluble forms.

Solid dispersions are systems which enable one to control release of 
a therapeutic substance. A choice of the suitable method for making solid 
dispersions, including the type and amount of the carrier, are decisive for 
the availability of a givem pharmaceutical (dHiMan et al. 2012, aHuja et al. 
2012). The up-to-date research on absorption shows that phosphatidylcho-
line (PC 45) and polyvinylpyrrolidone (PVP) are good carriers of Mg2+ ions 
from solid dispersions containing magnesium salts (Marcoin 2006, Marcoin, 
SzuLc-MuSioł 2009, 2011). Phosphatidylcholine (PC45) was a natural carrier 
which can be biodegradable and metabolized since it is a part of biological 
membranes. Polyvinylpyrrolidone (PVP) the hydrophilic synthetic polimer 
was the carrier which enhanced the solubility of drugs. dua et al. 2010,  
prepared solid dispersions of aceclofenac with various hydrophilic carriers 
such as: PVP, ureamannitol, and PVP/VA-64. with an aim to improve  
their dissolution. Other researches (rao et al. 2010) also the solid dispersion 
technique are methods proved to be improving the dissolution and bioavail-
ability of simvastatin. According to patent (curatoLo et al. 2012) solid dis-
persions containing sparingly soluble drug and PVP, HPMC (hydroxypropyl 
methylcellulose acetate succinate), HPC (hydroxypropyl cellulose) provide 
water solubility and availability in the used medium. teBereKidiS et al. 
(2006), dHiMan et al. (2012), showed that the improvement of the solubility 
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of felodipineis a result of the formation of hydrogen bonding between PVP 
and the drug.

The subject of this paper is to evaluate the absorption of Mg2+ by an in vitro 
method from solid dispersions containing magnesium salts such as: MgGlu)2,  
Mg(Glu-Gly) and Mg(Glu-Arg) and carriers PVP or PC45. Evaluation of penicillin 
G influence on degree absorption of Mg2+ from solid dispersions containing ma-
gnesium glutamate salts and phosphatidylcholine (PC 45) was made.

materials and methods

The following were the subject of the experiment:
- magnesium glutamate-Mg(Glu)2 , (C5H8 O4N)2Mg; mol.wt. – 316,33
-  magnesium glycine-glutamate-Mg(Glu-Gly), C7H12O6N2Mg; mol.wt. – 244,32
-  magnesium arginine-glutamate-Mg(Glu-Arg), C11H21O6N5Mg; mol.wt. – 

343,36
- penicillin G benzatine salt - Sigma Chemical Co. (Lot 50H0450)
The auxiliary substances such as polyvinylpyrrolidone (PVP by Serva) 

and phosphatidylcholine 45% (PC 45 by Lucas Meyer, Ltd) were used in or-
der to produce solid dispersions containing the above magnesium salts. All 
the chemicals were of the analytical reagent grade. 

The synthesis of magnesium glutamate was carried out according to 
the procedure previously described by Marcoin and rySzKa 1991. The mag-
nesium glutamate-glycine Mg(Glu-Gly) and magnesium glutamate-arginine 
Mg(Glu-Arg) were obtained through modification structure of the magnesium 
glutamate with the ligand of glycine or arginine (Figure 1). The synthesis of 

Fig. 1 Mg(Glu)2 – a, Mg(Glu-Gly) – b, Mg(Glu-Arg) – c
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these compounds was carried out similarly to the compounds described in 
previous research work (Marcoin, SzuLc-MuSioł 2011). The content of mag-
nesium in the salts was measured by atomic absorption spectrophotometry 
(Carl Zeiss Jena model AAF 3) at the wavelength of 258.2 nm.

Solid dispersions containing magnesium salts were prepared by FP VIII 
method. After previous micronization each magnesium salt was mixed with 
the selected carrier (PVP or PC 45) in a molar ratio (1:10) and dissolved in 
ethanol. The solid dsipersions were isolated from the solution after evaporation 
of ethanol and drying under vacuum and which unified by a sieve (1,0 mm).

Partition coefficient o/w was determined for the solid dispersions, accor-
ding to the Hansch theory and also the log P as alipophilicity parameter.

The absorption of Mg2+ from magnesium salts was carried out on an in 
vitro model (the method described previously (Marcoin, SzuLc-MuSioł 2002) 
in which the absorption area wasthe small intestine (ileum) of arat. Simi-
lar procedure of the study of absorption of Mg2+ ions from solid dispersion 
scontaining magnesium salts with addition of PC45 carrier in the presence 
of penicillin G (50 mg) was carried out. The study was approved by the Bio-
ethics Committee of the Medical University of Silesia. Constant (k) rate of 
absorption and of absorption half time (t50%) were also calculated. These results 
are considered significant statistically verified using the Anova followed by 
Kruskal-Wallis test or else Post Hoc multiple comparisons were made p ≤ 0.05.

results and discussion

Lipophilic properties of magnesium salts were determined by means of 
the partition coefficient of log P for the n-octanol/phosphate buffer system. 
The calculated partition coefficient (log P) values for the solid dispersions 
containing the examined magnesium salts with PVP or PC 45 are presented 
in Table 1. Based on these results, the modification of the structure of the 
parent ligand of glycine or arginine affects the growth of the log P values. 
In the case of Mg(Glu-Gly), an increase in the log P value for the parent 
compound is 0.175, whereas for Mg(Glu-Arg), the difference is greater, up to 
0.965. Analysis the results showed that introduction of an additional ligand, 
such as glycine or arginine, into a molecule of Mg(Glu)2 influences lipophilic 
properties of the examined salts. The chain lengthened with a (-CH2−) group 

Table 1
Values of log P of the partition coefficient for solid dispersions containing magnesium salts

Log P

Mg(Glu)2 Mg(Glu-Gly) Mg(Glu-Arg) Mg(Glu)2 Mg(Glu-Gly) Mg(Glu-Arg)

-1.061 -0.886 -0.096
PVP PC45 PVP PC 45 PVP PC45

-0.768 0.148 -0.078 0.176 -0.026 0.250
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as well as the presence of the nucleophilic group (-NH2) are the factors con-
ditioning intercellular and intermolecular interactions. 

The use of PVP or PC 45 as carriers in solid dispersions significantly 
contributed to the increase in the value of log P, thus raising the hydropho-
bicity of these systems. 

It needs to be noted that the log P values for the solid dispersions with 
the addition of PC 45 were higher in each case. The impact of the interac-
tion between the carriers and magnesium salts was noted.The calculated log 
P value for the solid dispersions containing Mg(Glu-Arg) with the addition 
of the PC 45 carrier (log P = 0.250) is higher than the log P value for solid 
dispersions containing Mg(Glu-Arg) and PVP (log P = -0.026). The calculated 
log P value for the solid dispersion, containing the Mg(Glu-Gly) PC45 carrier 
increased by 0.290 units compared with the log P values for the dispersion 
of Mg(Glu-Gly) without PC45. Use of PC 45 as a carrier in forming of solid 
dispersion containing Mg(Glu-Arg) causes an increase of the value of log P.

Phosphatidylcholine (PC 45) as a carrier significantly improves lipophi-
licity (increased log P values).To study the absorption of Mg2+ ions from solid 
dispersion in the presence of the selected antibiotic, the PC 45 carrier was 
used. Other authors who carried out studies of solid dispersions of various 
drugs using other carriers also obtained positive results. The addition of pho-
sphatidyl choline to solid dispersion containing active ingredients increases 
dissolution. Other authors (Law 1992, MarSac 2008) explained the presence 
of intermolecular hydrogen bonding as a factor creating an amorphous form 
of a crystal structure drug. BiKiariS et al. (2005) as well as jaGadeeSan et al. 
(2013) used phospatidylcholine for solid dispersions of poorly water-soluble 
drugs and determined parameters of physicochemical properties. They found 
that addition of phosphatidylcholine increased the dissolution rate and con-
sequently improved bioavailability of the examined drugs. SinGH et al. (2011) 
were those who also reported that addition of the carrier may contribute to in-
creasing dissolution rates and consequently better bioavailability of the drug.

Table 2 shows the mean value of pharmacokinetic parameters in the 
process of Mg2+ ions absorption from solid dispersions containing magnesium 
glutamate salts with PC 45. 

Table 2
Kinetic parameters of Mg2+ absorption in the small intestine from solid dispersions  

containing magnesium salts

Solid dispersions k 10-3 (min) t50% (h)
Total amount (%) 
of absorberd Mg2+  

within 2 h of the experiment 
(±) SD V (%)

Mg (Glu)2 1.569 7.361 12.70 0.67 5.27

Mg (Glu-Gly) 1.843 6.266 15.28 0.73 4.77

Mg(Glu-Arg) 1.742 5.842 16.28 0.66 4.05

k – absorption rate constant, t50% – absorption half-time, V – variance, SD – standard deviation 
at p ≤ 0.05



182

In the course of our experiments, it was established that Mg2+ absorption 
can take place according to two independent transport mechanisms. The 
first one employs a passive diffusion process, while the other one occurs by 
facilitated diffusion from the intestinal lumen into epithelial cells, followed 
by the flow from cells into blood by means of a mechanism depending on 
the energy supply. The absorption of Mg2+ ions by the small intestine of a 
rat is in agreement with first order kinetics. When modified with glycine 
Mg(Glu-Gly), an increase of the constant rate of absorption was observed 
(k = 1.843·10-3 min) in comparison with the matrix compound Mg(Glu)2  
(k = 1.569·10-3), whereas the absorption half-time (t50%) is shorter for  
Mg(Glu-Gly) (t50% = 6.266 h) than for solid dispersions containing Mg(Glu)2 
(t50% = 7.361 h). The calculated values of absorption rate (k) and absorp-
tion time 50% for solid dispersions containing Mg(Glu-Arg) (k = 1.742.10-3,  
t50% = 5.842 h) are lower than the analogous values for solid dispersions con-
taining Mg(Glu-Gly).

Modification with an arginine ligand also influences beneficially the pro-
file of absorption parameters: the amount of absorbed Mg2+ ions during 2 h 
Mg(Glu-Arg) was 16.28% versus 12.70% for the Mg(Glu)2 matrix compound 
in the case of Mg(Glu-Gly), this value was 15.28%. Structural properties sig-
nificantly influenced the effect of lipid phase (cellular membranes). Moreover, 
parameters of the surface, volume and molecular mass affect the ability of an 
active substance to penetrate through the lipid barrier.

The analysis of the research results on absorption of Mg2+ ions from sol-
id dispersions containing the examined salts and in presence of penicillin G 
showed that pharmacokinetic profile changes significantly depended on the 
type of salt (cf. Table 3). The results of our analysis showed that the absorp-
tion rate constant (k) for solid dispersions containing Mg(Glu)2, Mg(Glu-Gly) 
and Mg(Glu-Arg) salts in the presence of penicillin G causes a decrease of  
k by 0.888, 0.287 and 0.028, respectively, compared with solid dispersions 
containing these salts without penicillin G. The calculated values of ab-
sorption half-time (t50%) for the examined solid dispersions with Mg(Glu)2, 
Mg(Glu-Gly) and Mg(Glu-Arg) increased by about 9.602 h, 1.145 h, 0.895 h, 
respectively, compared with the reference system. The amount of absorbed 

Table 3
Kinetic parameters of Mg2+ absorption in the small intestine from solid dispersions  

containing magnesium salts in the presence penicillin G

Solid dispersions k 10-3 (min) t50% (h)
Total amount (%) 
of absorbed Mg2+  

within 2 h experiment
(±) SD V (%)

Mg (Glu)2 + penicillin G 0.681 16.963 9.80 0.942 9.612

Mg (Glu-Gly) + penicillin G 1.556 7.411 12.31 0.54 4.38

Mg(Glu-Arg) + penicillin G 1.714 6.737 14.21 4.48 3.15

Explanations see Table 2
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Mg2+ after 2 hours of the experiment was significantly (p ≤ 0.05) increased 
for solid dispersions in the presence of penicillin G with Mg(Glu)2 by 2.90%, 
with Mg(Glu-Gly) by 2.97% and with Mg(Glu-Arg) by about 2.07 % compared 
with the reference system. On the basis of the completed experiment, an in-
teraction was found in the phase of the pharmacokinetic process of Mg2+ ion 
absorption from the examined dispersions. 

Values of kinetic parameters of Mg2+ absorption from solid dispersions 
containing the examined glutamate magnesium salts were lower than the 
values of kinetic absorption parameters of Mg2+ absorption from solid disper-
sions without penicillin G. 

In brief, penicillin G hinders the process of Mg2+ ion absorption from the 
examined dispersions.

conclusion

Modifying the structure of Mg(Glu)2 with an additional ligand glycine or 
arginine significantly improves the kinetic profile of the absorption of Mg2+ 

ions from solid dispersions containing magnesium salts of the carrier PC 45. 
The presence of β-lactam antibiotic inhibits the Mg2+ absorption process 

from solid dispersions, which was the subject of our research.
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Abstract

Maintaining the high quality of fruits after harvest, which amongst other things is de-
termined by firmness, is the aim producers strive after. Calcium, which fruits can be enriched 
with also in an extraradicular manner, is mostly responsible for the mechanical resistance of 
fruits. In the research conducted at the Laboratory of Orcharding, West Pomeranian University 
of Technology in Szczecin, the influence of foliar calcium fertilisers on the quality of fruits from 
two cultivars of highbush blueberry was studied. The firmness, size and chemical composition 
of fruits were examined (the content of mineral and organic compounds, especially polyphenols). 
At the fruit growth stage, bushes were sprayed 4 times with calcium solutions every 10 days, 
starting from the first decade of June. All fertilisers caused an increase in calcium concentra-
tions in fruits (0.12-0.15 g 100 g-1), as compared with the control (0.09 g 100 g-1). The weight of 
100 fruits collected from bushes sprayed with the Lebosol, Folanx and Calcinit fertilisers was 
the highest and it ranged from 327 to 365 g, and the Sunrise cultivar fruits were larger. The 
firmest (391 and 415 G mm) and the most resistant to mechanical damage (132 and 114 G mm) 
were the fruits sprayed with the calcium chloride and Folanx fertilisers, while fruits sprayed 
with Folanx and Calcinit were characterised by the highest polyphenol content (300 and 313 mg 
100 g-1), and anthocyanins, among which delphinidin-3-galactoside predominated, constituted 
the largest group of compounds (77-80%).

The Calcinit and Lebosol Calcium Forte fertilisers had the greatest influence on the change 
of chemical composition of the fruits, while the Folanx fertiliser had the greatest influence on 
the increase in fruit firmness. All calcium-based fertilisers decreased the acidity of fruits and, 
except for calcium chloride, they increased the nitrite level.

Key words: anthocyanins, foliar fertilization, flavonols, macro- and microelements, Vaccinium 
corymbosum.
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introduction

Highbush blueberry (Vaccinum corymbosum L.) is mostly grown for 
the fresh fruit market in Poland. Its bushes have specific habitat and soil 
requirements, for example acidic peat soils are the best, light sandy soils 
are possible if the demand for water and nutrients is satisfied. Highbush 
cultivars are derived from the genus Vaccinium, which grows wildly in soils 
characterised by a low nutrient content. As a result, fertilising requirements 
of highbush blueberry are relatively modest, as compared with other fruit 
crops. However, intensive cultivation influencing high yields and the use 
of organic litter determine the necessity of fertilisation to keep the content 
of micro- and macronutrients in the soil and the plants at a constant level 
(porMaLe et al. 2009).

Maintaining the high quality of fruits after harvesting, after the storage 
period as well as during marketing activities, is a goal that producers want 
to achieve. Firmness is one of the indicators of fruit freshness and attractive-
ness. Mechanical resistance of the skin and the flesh largely depends on the 
condition of cellular membranes and, in particular, the chemical composition 
of pectins binding plant cells together to form tissues. Calcium is mostly 
responsible as it contributes to the stabilisation of cellular membranes as 
a component of phospholipids, thus influencing their permeability (wHite, 
BroadLey 2003). Calcium deficits or calcium transport disorders cause a large 
number of physiological diseases, which lower the storage and commercial 
value of such fruits (SHear 1975). Plant roots absorb calcium from the soil 
solution in the form of the Ca2+ ion (wHite 2001, cLarKSon 2003); however, 
the number of free calcium ions is limited by the high humus content, in 
which organic acids form chelated bindings with Ca2+. The low pH of the 
substrate is also a problem, as it stimulates high Al3+, Fe2+, Mn2+ concentra-
tions, which make it difficult to absorb calcium ions (HayneS 1986). Thus, 
supply of calcium fertilisers by spraying the plants could be an alternative 
(wójciK 2004). Calcium delivered to leaves by means of spraying increased 
the concentration of this nutrient in fruits by 17% (Saure 2005, roSen et al. 
2006). Therefore, the best results are observed when solution of a calcium 
preparation is applied directly onto the fruit surface. Young fruits are cha-
racterised by the highest calcium absorption (ScHLeGeL, ScHönHerr 2002), 
as the permeability of the cuticle is the highest at that time (petit-jiMenez 
et al. 2009), and properly functioning stomata are an easy route for Ca2+ 
absorption. The time of treatment is also very important. The movement of 
calcium salts largely depends on air humidity. An increase in humidity from 
50% to 90% resulted in twice as high a rate of Ca(NO3)2 absorption through 
the cuticle layer (ScHönHerr 2001). 

The influence of foliar application of calcium fertilisers with diverse 
chemical composition on the quality of highbush blueberry fruits, their size, 
firmness and chemical composition was studied.
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material and methods

The studies were carried out in 2010-2012, in the Laboratory of Orchar-
ding at the Department of Horticulture of the West Pomeranian University 
of Technology in Szczecin. The experiment was conducted at a 60 ha pro-
duction plantation located in the area of Szczecin. Blueberry bushes were 
planted in the spacing of 1.2 x 2.0, in the podzolic soil of the VI valuation 
class. The experiment followed a randomised sub–block design (3 blocks, 15 
plants in each block). The content analysis of the soil minerals showed a 
very high level of magnesium, medium levels of phosphorus and calcium, and  
a low level of potassium. In spring, the nitrogen fertilization was applied  
at a dose of 45 kg N ha-1.

Within the growing period, the bushes were sprayed 4 times with cal-
cium solutions (every 10 days from the first decade in June), starting from 
the fruit setting until the full wetting of the foliage. Liquid calcium fertili-
zers, designed for foliar fertilization of plants and fruit, were used, together 
with the Silwet®Gold preparation enhancing the adhesion properties.

 - Folanx® Ca29 – solution 1% (LANXESS Distribution GmbH);
 -  Calcium chloride – solution 0.5% (Inowrocławskie Zakłady Chemiczne 
Soda Mątwy S.A.) CaCl2 – 78-80%, NaCl – 3-3.5%;

 - Lebosol Calcium Forte – solution 1% (Lebosol Dünger GmbH); 
 - Ca – 13.5%, Mn – 1,5%, Zn – 0.5%; 
 -  Calcinit – solution 0.5% (Yara Poland) – Ca – 19.0%, N 15.5%,  
(NO3 – 14.5%, NH4 – 1.0%);

 - control – spraying water.
Physical features of fruits (fruit size, firmness, puncture resistance of the 

skin) and soluble solids, titratable acidity, pH, total polyphenol, L-ascorbic 
acid and NO3 were measured on fresh berries immediately after the harvest. 
Phenolics and mineral composition samples that were kept frozen (-32°C) in 
polyethylene bags (2 x 500 g) until analyzed.

Fruit diameter, firmness and puncture resistance of the skin were 
measured with a FirmTech2 apparatus (BioWorks, USA) on 100 randomly 
selected berries from each replicate, and the latter was expressed as a gram-
force causing the fruit surface to sag by 1 mm. A puncture were made using 
a stamp with a diameter of 3 mm.The fruit weight (three replicates of 100 
fruit) was measured on a RADWAG WPX 4500 electronic scales (0.01 g ac-
curacy).

To obtain juice, berries (two replicates of 250 g) were macerated at 50°C 
for 60 minutes, with the addition of the PT 400 Pektopol enzyme at a dose of 
400 mg kg-1 of fruits. After the completion of the enzymatic processing, the 
pulp was pressed using a hydraulic press at a pressure of 3 MPa (oSzMianSKi, 
wojdyło 2005). Titratable acidity was determined by titration of the water 
extract of juice with 0.1 N NaOH to the end point of pH 8.1, measured with 
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a pH-meter Elmetron 501 (PN). The content of soluble solids was deter- 
mined with an PAL1 KonicaMinolta refractometer. L-ascorbic acid and 
NO3 concentrations were measured with a RQflex 10 reflectometer Merck  
(ocHMian et al. 2012).

In unwashed fruits, after mineralization in H2SO4 and H2O2, the total N 
content was determined with the Kjeldahl method. The content of K and Ca 
was measured with atomic emission spectrometry, whereas the Mg content 
was determined with flame atomic absorption spectroscopy using an SAA So-
laar. The phosphorus content was determined with the Barton method at the 
wavelength of 470 nm, whereas sulphur was assayed with the turbidimetric 
method at 490 nm employing a spectrophotometer Marcel s 330 PRO. The 
content of microelements (Cu, Zn, Mn, Fe), after mineralization in HClO4 
and HNO3, was measured with flame atomic absorption spectroscopy on an 
SAA Solaar (IUNG 1972).

The HPLC analyses of polyphenols were carried out with an HPLC ap-
paratus consisting of a Merck-Hitachi L-7455 diode array detector (DAD) and 
quaternary pump L-119 7100 equipped with the D-7000 HSM Multisolvent 
Delivery System (Merck-Hitachi, Tokyo, Japan). The runs were monitored for 
phenolic acids at 320 nm, flavonols and luteolin glucoside at 360 nm, and an-
thocyanin glycosides at 520 nm. Retention times and spectra were compared 
to that of pure standards and total polyphenols content was expressed as mg 
per 100 g fruit tissue. Standards of anthocyanidin glycosides were obtained 
from Polyphenols Laboratories (Norway), while those for phenolic acids and 
flavonols were purchased from Extrasynthese (France).

In order to determine the significance of differences, a two-factor analy-
sis of variance was carried out, followed by the assessment of the significance 
of differences using the Tukey’s test. To determine the relation between the 
applied fertlizers and fruit firmness, chemical compositions and phenolic 
content, the results were subjected to an agglomerative cluster analysis and 
classified into groups in a hierarchical order by means of the Ward’s method. 
The statistical analyses were performed using the Statistica software.

results and discussion

The firmness of fruits, and especially their size, is a very important fac-
tor determining the yield quality and its durability while on the market. The 
results showed high variability of this parameter after using calcium-based 
foliar fertilisers (Table 1). The foliar fertilisers, except for calcium chloride, 
allowed for obtaining larger fruits, as compared to the control. The largest 
fruits were collected from bushes sprayed with Lebosol (the average weight 
of 100 fruits was 365 g) and with Calcinit (333 g), the height of the fruits 
was 16.7 mm and 15.7 mm, respectively. Bushes treated with calcium chlo-
ride were characterised by the smallest fruits (the average height 14.0 mm, 
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and the diameter 18.7 mm). The firmness of fruits determines, amongst 
other things, the resistance to mechanical damage. It is assumed that this 
phenomenon occurs to a lesser extent in fruits with a good calcium content 
(carL, SaMS 1993, FaLLaHi et al. 1997). Reports concerning the influence 
of calcium on the firmness of blueberry fruits do not render unambiguous 
results. Fruits soaked in a calcium solution after harvesting were less sus-
ceptible to crushing (HanSon et al. 1993). Also, fruits from the ‘O’Neal’ cul-
tivar treated with calcium were firmer than fruits from the control bushes. 
However, this relationship was not confirmed by ‘Bluecrop’ fruits (anGeLetti 
et al. 2010). The results obtained are also ambiguous, which is confirmed by 
an analysis of concentrations, the activity of the Calcinit fertiliser did not 
affect fruit firmness (Figure 1). Fruits sprayed with the Lebosol fertiliser 
had the highest calcium content (Table 2); however, they were the least firm. 
Undoubtedly, their size had an influence on this, large fruits are less firm. 
However, blueberries treated with the Folanx fertiliser contained a lot of 
calcium and were characterised by high firmness, both in the diameter and 
in the height and fruit resistance to mechanical damage (129-134 G mm). 
Regardless of the fertilisers used, fruits of the tested cultivars were charac-
terised by a lower firmness as compared to fruits from the ‘Sierra’ (440) and 
‘Patriot’ cultivars (512 G mm) (ocHMian et al. 2007, 2009b). 

The chemical composition of fruits is an equally important parameter 
determining fruit quality. It affects both the taste and the health promoting 
properties of fruits. The analyses showed that cv. Brigitta fruits were char-
acterised by a higher content of organic acids and a lower extract content 
(Table 3). Moreover, it was shown that all foliar fertilisers used, regardless 
of the cultivar, had an influence on the reduction of fruit acidity (from 0.35 

The vertical line indicate the cut-off used to form the grups
Fig. 1. Dendrogram of cluster analysis for fertilizers based on average  

for firmness
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to 0.87 g 100 mL-1), as compared with the control (cv. Sunrise 0.55 and  
Brigitta 0.96 g 100 mL-1, respectively) and a slight increase in the pH  
of the juice. These parameters are similar to those obtained by duan et 
al. (2011). The influence of the fertilisers used on the extract content was  
diverse. The extract content in the cultivar Sunrise fruit was at a similar 
level (15.1-15.7%), while in cv. Brigitta fruits, the extract content was the 
highest in bushes sprayed with the Calcinit and Folanx fertilisers (14.9 
and 14.7%). In studies by other authors, the extract content in fruits from 
the cultivars under analysis ranged from 10% to 14.6% (prior et al. 1998,  
SKupień 2006, duan et al. 2011).

The use of calcium fertilisers did not increased the L-ascorbic acid 
content, and in fruits collected from bushes sprayed with the Calcinit and 
Folanx fertilisers, it was found to be at a level (76 and 83 mg 1000 mL-1) 
lower than the control (105 mg 1000 mL-1). The use of Calcinit, Lebosol and 
Folanx fertilisers, on the other hand, had an influence on a higher nitrate 
content (on average 36.2241.1 mg 1000 mL-1) in fruits from both cultivars,  
as compared to control fruits (24.4 mg 1000 mL-1). Nevertheless, these are 
levels which are allowed for consumption even by children, according to the 
Polish standards.Similar levels were identified by other authors: from 15.5 
to 34.7 mg NO3 in 1000 g fruits (ocHMian et al. 2009a, b, 2010). To show 
similarities in the action of fertilisers, an analysis of concentrations was 
performed between the fertilisers used and the content of SS, TA, NO3 and 
L-ascorbic acid (Figure 2). All of the fertilisers affected the analysed features, 
and the action of Folanx and Calcinit was similar.

Owing to a high content of phenolic compounds as well as other biolog-
ically active substances, dark fruits are valued as products with pro-health 

The vertical line indicate the cut-off used to form the grups
Fig. 2. Dendrogram of cluster analysis for fertilizers based on average  

for chemical compositions
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properties. Polyphenols are products of the secondary synthesis which protect 
from ultraviolet radiation and pathogens (de Gara et al. 2003, HodGeS et al. 
2004). Their content largely depends on the cultivar (MiKKonen et al. 2001) 
and fruit ripeness (wanG, jiao 2001). In the authors’ research, fruits from cv. 
Sunrise were richer in polyphenolic compounds (on average 314 mg 100 mL-1) 
than from cv. Brigitta (241 mg 100 mL-1) – Table 4. Those levels were simi-
lar to those reported by Moyer et al. (2002): 274 mg, and prior et al. (1998):  
305 mg, but lower than in fruits tested by ocHMian et al. (2009b, c): 375 mg, 
and Bunea et al. (2011): 424 mg 100 g-1.

It was found that the fertilisers did not have the same influence on this 
feature. The lowest polyphenolic content was found in cv. Brigitta fruits, 
control and sprayed with Folanx fertiliser, and in berries from the culti-
var Sunrice collected from objects sprayed with calcium chloride. Fruits of 
both cultivars sprayed with Lebosol and Calcinit were characterised by the 
highest content of these compounds. A similar influence of these fertilisers 
was confirmed by an analysis of concentrations (Figure 3). In highbush blu-
eberry fruits, anthocyanins made up approx. 80% of all determined phenolic 
compounds. Among anthocyanins, the amount of delphinidin-3-galactoside 
was the highest, especially in fruits sprayed with Lebosol and Calcinit fer-
tilisers (Table 5). In total, delphinidins made up approx. 50% of all determi-
ned anthocyanins. In research by LoHacHooMpoL et al. (2008), this group of 
compounds consitituted 34-36% of all anthocyanins. In fruits collected from 
these bushes, a large amount of chlorogenic acid, which is a strong natural 
antioxidant, was also determined. The largest amounts of flavonoids, on the 
other hand, were found in cv. Brigitta fruits sprayed with calcium chloride 
and in cv. Sunrise’ fruits sprayed with Lebosol. 

The vertical line indicate the cut-off used to form the grups
Fig. 3. Dendrogram of cluster analysis for fertilizers based on average 

for phenolic compositions



195

Ta
bl

e 
4

Th
e 

in
flu

en
ce

 o
f c

al
ci

um
-b

as
ed

 fe
rt

ili
se

rs
 o

n 
th

e 
po

ly
ph

en
ol

 c
on

te
nt

 in
 h

ig
hb

us
h 

bl
ue

be
rr

y 
fr

ui
ts

(m
g 

10
0 

g-1
 f.

w
.)

Fe
rt

ili
ze

r 
(A

xB
)

Cu
lti

va
r 

(A
)

Q
ue

-3
-g

al
Q

ue
-3

-g
lu

Q
ue

-3
-r

am
K

em
-3

-r
ut

To
ta

l 
fla

w
on

ol
s

N
eo

ch
lo

ro
ge

ni
c 

ac
id

T
ot

al
  

an
th

oc
ya

ni
ns

 
(T

ab
le

 5
)

su
m

e

Fo
la

nx
®

 C
a2

9

Br
ig

itt
a

9.
0

3.
32

0.
87

0.
45

13
.7

26
.8

17
1

21
2

Ca
lc

iu
m

 c
hl

or
id

e
16

.4
1.

47
1.

62
0.

89
20

.4
38

.1
18

3
24

2

Le
bo

so
l C

al
ci

um
 F

or
te

10
.2

3.
54

1.
94

1.
32

17
.0

33
.8

21
1

26
2

Ca
lc

in
it

9.
3

1.
87

0.
99

1.
11

13
.2

43
.5

20
6

26
3

Co
nt

ro
l

10
.8

1.
73

1.
35

0.
57

14
.5

29
.5

18
4

22
8

M
ea

n
11

.1
2.

39
1.

35
0.

87
15

.7
34

.3
19

1
24

1

Fo
la

nx
®

 C
a2

9

Su
nr

is
e

10
.7

3.
85

1.
51

2.
05

18
.1

40
.4

23
8

29
7

Ca
lc

iu
m

 c
hl

or
id

e
12

.0
1.

92
2.

35
1.

53
17

.8
32

.8
20

5
25

6

Le
bo

so
l C

al
ci

um
 F

or
te

19
.2

5.
00

2.
11

2.
44

28
.7

54
.6

25
5

33
8

Ca
lc

in
it

12
.9

2.
60

3.
48

1.
69

20
.6

60
.1

28
2

36
3

Co
nt

ro
l

17
.7

3.
14

1.
86

0.
97

23
.7

46
.7

24
7

31
7

M
ea

n
14

.5
3.

30
2.

26
1.

74
21

.8
46

.9
24

5
31

4

Fo
la

nx
®

 C
a2

9

Th
e 

m
ea

n 
fo

r 
fe

rt
i- 

liz
er

 (B
)

9.
9

3.
59

1.
19

1.
25

15
.9

33
.6

20
4

25
4

Ca
lc

iu
m

 c
hl

or
id

e
14

.2
1.

70
1.

99
1.

21
19

.1
35

.4
19

4
24

9

Le
bo

so
l C

al
ci

um
 F

or
te

14
.7

4.
27

2.
03

1.
88

22
.9

44
.2

23
3

30
0

Ca
lc

in
it

11
.1

2.
24

2.
24

1.
40

16
.9

51
.8

24
4

31
3

Co
nt

ro
l

14
.2

2.
44

1.
61

0.
77

19
.1

38
.1

21
5

27
3

ls
d

α 0,
05

 f
or

: t
ot

al
 fl

aw
on

ol
s 

A
-2

.6
; B

-3
.1

; A
xB

-3
.6

; n
eo

ch
lo

ro
ge

ni
c 

ac
id

 A
-3

.7
; B

-4
.2

; A
xB

-4
.9

; t
ot

al
 a

nt
ho

cy
an

in
s 

A
-1

6;
 B

-1
9;

 A
xB

-2
6;

 S
U

M
E

 A
-1

7;
 

B
-2

1;
 A

xB
-2

5



196

The results of the analyses confirmed the influence of the fertilisers used 
on the content of some macro- and micronutrients in fruits (Tables 2 and 6). 
Generally, fruits from the Brigitta cultivar contained more calcium (0.15 g 
100 g-1) than fruits from the Sunrise cultivar (0.09 g 100 g-1). All the tested 
foliar fertilisers increased its concentration in fruits from both cultivars 
(Table 2). The fruits of cv. Brigitta sprayed with Lebosol had the highest 
calcium content (0.18 g 100 g-1). In other experiments, the use of foliar fer-
tilisation with calcium also increased the level of this component in fruits 
(StücKratH et al. 2008, anGeLetti et al. 2010). The content of this component 
obtained in this study was at a comparable level to that found by eicHHoLz 
et al. (2011), while being much higher than reported by HanSon (1995), who 
determined it as 0.04 g 100 g-1.

A considerable increase in nitrogen levels was observed in fruits from 
both tested cultivars collected from bushes sprayed with Calcinit fertili-
ser. The composition of the fertiliser had undoubtedly some influence, as 
it contains nitrogen. It is also reflected by elevated nitrate levels (Table 3). 
However, no influence of the fertilisers on the phosphorus content in fruits 
was observed. Phosphorus levels ranged from 0.07 to 0.14 g 100 g-1. In con-
trast, the use of Lebosol and Calcinit fertilisers resulted in increased levels 
of potassium in fruits (0.69 and 0.64 g 100 g-1). The content of this ingredient 
in fruits sprayed with calcium chloride or Folanx fertiliser was at a similar 
level as in the control (from 0.49 to 0.54 g 100 g-1). An increased level of ma-
gnesium was observed only in fruits which were sprayed with Folanx fertili-
ser (0.07 g 100 g-1), and it was at a similar level in the other fruits (0.04-0.05 
g 100 g-1). The macronutrient content, except for nitrogen, in the analyzed 
fruits was at a similar level as in fruits from the cultivars Sierra and Patriot 
examined by ocHMian et al. (2009a,b, 2010).

Fruits from the Sunrise cultivar contained more copper, zinc and man-
ganese than fruits from the Brigitta cultivar (Table 6). It was found that the 
influence of the fertilisers used on the micronutrient content varied. The lar-
gest amount of copper was found in fruits collected from bushes sprayed with 
calcium chloride, while the zinc content was the highest when Lebosol was 
used. Calcinit and Folanx, on the other hand, increased the manganese levels; 
additionally, fruits treated with Calcinit were characterised by the highest 
iron content. SKupień (2004) found a considerably lower content of copper and 
zinc in highbush blueberry fruits (1.08-1.30 and 0.17-0.30 mg 100 g-1).

conclusions

The application of foliar calcium fertilisers affected the quality of highbush 
blueberry fruits; however, the results depended on the fertiliser used. The main 
purpose of calcium supplementation is to fortifiy the mechanical resistance of 
fruits. Not all fertilisers contributed to the achievement of this effect, despite 
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increasing the calcium content in fruits, especially ones sprayed with Lebosol 
fertiliser. Bushes sprayed with Lebosol and Calcinit fertilisers were characte-
rised by the largest fruits; however, these fertilisers did not improve fruit fir-
mness as compared to the control. They were, however, characterised by the 
highest content of valuable polyphenols. Fruits collected from bushes sprayed 
with Folanx fertilisers and calcium chloride were the firmest and the most 
resistant to mechanical damage. The latter fertiliser, however, had the least 
advantageous effect on the fruit size. All calcium–based fertilisers reduced 
the acidity of fruits and nearly all, except for calcium chloride, contributed to 
the accumulation of larger amounts of harmful nitrates.
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Abstract

Sustainable management of nitrogen in the oilseed rape canopy depends, in the first place, 
on the supply of potassium during critical yield formation stages. The K status assessment in 
plants was made in the 2008, 2009, and 2010 seasons. The one-factorial experiment to verify the 
formulated hypothesis, consisting of six treatments, was as follows: control (C), NP, NPK, NP-
K+MgS – 1/3 rate of the total planned dose applied in spring (NPKMgS1), NPK+1.0 MgS rate in 
autumn (NPKMgMgS2), NPK+MgS –  2/3 in autumn + 1/3 in spring) (NPKMgS3). Plant samples 
were taken at three stages:  full rosette (BBCH 30), the onset of flowering (BBCH 61), maturity 
(BBCH 89). At each measurement, the harvested sample was partitioned, in accordance with the 
stage of development, into subsamples of leaves (BBCH 30), stems and leaves (BBCH 61), stems 
+ pericarp (trashed silique) and seeds (BBCH 89). The biomass yield as well as the potassium 
concentration and content were determined in each part of the plant. The yield forming effect 
of potassium absorbed by plants during the critical growth stages was decisive for the yield of 
seeds, as resulted from path and stepwise analyses. The study showed that the N management 
in oilseed rape canopy was significantly governed by the K management just before and after 
flowering. An elevated K supply in the first period, leading to the N saturated status of plant 
parts, resulted in seed density reduction, in turn decreasing the size of the K seed-sink. The 
seed yield of oilseed rape significantly depended on the net K content increase in vegetative 
parts of the crop during the seed-filling period. It can be therefore concluded that an adequate 
supply of K up to the physiological maturity of oilseed rape is a prerequisite of  high yield. 

Key words:  potassium, plant parts, K partitioning, yield structural components, yield. 

introduction

In agronomic practice, the key concept of sustainable nitrogen manage-
ment focuses most frequently on nitrogen levels. This simplified approach is 
acceptable provided an ample supply of other nutrients. Potassium deficien-
dr inż. Witold Szczepaniak, Chair of Agricultural Chemistry and Environmental Biogeochemis-
try, Poznan University of Life Sciences,  Wojska Polskiego 71F Street, 60-625 Poznan, Poland, 
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cy is the key cause of an inadequate utilization of the applied nitrogen by 
plants, resulting in lower and unstable yields, as documented recently for 
central European countries (GrzeBiSz  et al. 2012a). A sound management 
of nitrogen based on a balanced supply of nutrients, such as phosphorus, 
potassium and magnesium, is expected to result in and increased uptake and 
improved utilization of elements (GrzeBiSz et al. 2010). 

The demand of crop canopy for  nitrogen is significantly governed by its 
stage of growth, and the rate of biomass accumulation. The following three 
cardinal periods of the crop plant growth are distinguished, based on the 
rate and trends of dry matter accumulation, i.e. i) the foundation period 
(FP), ending at the rosette stage, ii) the construction period (CP), ending at 
the onset of flowering, iii) the yield forming period ending at the plant phy-
siological maturity. Each period exerts a specific impact on the crop plant 
performance (SyLVeSter-BradLey et al. 2002). The third stage is of crucial 
importance for the final yield because of its impact on the number of pods 
and seeds per pod, termed as seed density (diepenBrocK 2000). 

It has been well recognized that an insufficient supply of potassium to a 
crop leads to the decreased rate of the crop’s growth, as documented by Grze-
BiSz et al. (2012b) for sugar beet. The yield forming effect of nitrogen, as docu-
mented by SzczepaniaK et al. (2014) for maize and SzczepaniaK and potarzycKi 
(2014) for wheat, considerably depends on potassium fertilizing patterns. De-
spite the well-known physiological background and the recognized dynamics of 
the accumulation of both nutrients, we still lack information about the potas-
sium impact on the formation of yield components of oilseed rape. The course 
of potassium accumulation by oilseed rape and its impact on yield are poorly 
understood. The pot experiment by roSe et al. (2008), based on an optimum 
supply of nutrients, showed that the potassium accumulation in canola peaked 
around flowering. The field experiment by BarLóG et al. (2005) showed that 
potassium accumulates progressively up to the stage of green pods. 

The objective of the current study was to define the potassium accu-
mulation pattern and its redistribution among key parts of oilseed rape in 
cardinal stages of growth. The key aim was to evaluate the effect of the po-
tassium content in the crop parts during the season on i) the development of 
key structural components of yield, ii) yield of seeds produced by the main 
raceme and by secondary branches.  

material and methods 

The general characteristics of the experimental field have been described 
by SzczepaniaK (2014). Plants for determinations of dry mater and potassi-
um concentration were sampled from an area of one m2 in three consecutive 
stages of oilseed growth, according to the BBCH scale: 30, 61 and 89. At 
each measurement date, the harvested plant sample was partitioned, in 



205

accordance with the stage of development, into subsamples of leaves (BBCH 
30), stems and leaves (BBCH 61), stems + pericarps (trashed siliques) and 
seeds (BBCH 89), and then dried (65°C). Plant material for mineral element 
determination was mineralized at 640°C and the ash was next dissolved in 
33% HNO3. The potassium concentration was determined by flame photome-
try. The results are expressed on a dry matter (DM) basis. The content of the 
nutrient in each plant part was calculated by multiplying its concentration 
and the respective biomass of a crop part. 

The experimental data were subjected to conventional analysis of varian-
ce using the computer program Statistica 7. The differences between treat-
ments were evaluated with the Tukey’s test. In tables and figures, results 
of the F test (***, **, *) indicate significance at the P < 0.1%, 1%, and 5%, 
respectively. Path analysis was conducted based on correlation coefficients 
and taking the yield of seed and/or its structural components as effects and 
the nitrogen accumulation in plant parts as independent variables. A path 
diagram showing direct and indirect path coefficients was elaborated based 
on the highest value of the correlation coefficient for a particular set of va-
riables. In the second step of the diagnostic procedure, stepwise regression 
was applied to define an optimal set of variables for a given crop characte-
ristic. In the computing procedure, a consecutive variable was added to the 
multiple linear regressions stepwise. The best regression model was chosen 
based on the highest F-value for the entire model and significance of all in-
dependent variables (KonyS, wiśniewSKi 1984).  

Acronyms applied in the paper: 
MBY  – yield of the main branch (inflorescence), 
SBY  – yield of secondary branches, 
TSY  – total yield of seeds, 
SMB – number of  siliques per main branch, 
SSB – number of siliques per secondary branch, 
SSMB – number of seeds per silique of the main branch, 
SSSB  – number of seeds per silique of the secondary branch,
KRE  – potassium content in oilseed rape at the rosette stage, 
KLE –  potassium content in leaves of oilseed rape at the onset of flowe-

ring, 
KSH –  potassium content in shoots of oilseed rape at the onset of flo-

wering, 
KST – potassium content in the stem of oilseed rape at maturity, 
KSE – potassium content in seeds of oilseed rape at maturity,  
Kn – K net uptake by oilseed rape in the period BBCH 61 - BBCH 89,
Bn – oilseed rape biomass net increase in the period BBCH 61 - BBCH 89.
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results and discussion 

 The potassium concentration in oilseed rape throughout the growing 
season was affected significantly by both factors, years and fertilizing tre-
atments (Table 1). At the rosette stage, the K concentration was much lo-
wer in the control plants. In all the years, it showed a significant response 

to the applied nitrogen and phosphorus (NP). The resultant increase was 
year-specific. In 2008, the highest increase appeared in plants grown in the 
treatment with split dose of magnesium sulfate (NPKMgS3), while in 2009, 
the maximum K concentration was revealed in plants fertilized with NPK. In 
2010, the highest K concentration was noted for the NP treatment. Addition 
of other nutrients such as K and MgS  did not affected K concentration in-
crease. At the beginning of flowering, the K concentration in leaves was year
-to-year different. In 2009, the K concentration fluctuated around 2.4%. In 
2009, it was much higher, rising up in response to fertilizer K, more strongly 
owing to the split application of magnesium sulfate. The same trend, but on 
a much higher level, was noted in shoots. However, in 2008, the maximum K 
concentration was characteristic of the treatment with magnesium applied in 
autumn, and in 2009 the highest K concentration was induced by the NPK 
treatment. The main cause of the year-to-year variability of K concentrations 

Table 1
Statistical evaluation of potassium concentration in oilseed rape organs during  

critical growth stages (g kg-1 DM)

Factor Factor
level

BBCH 30 BBCH 61 BBCH 89

LE LE SH ST SE

Fertilization
treatments 
(FT)

AC 34.6a 26.8a 30.3a 16.9a 8.2a

NP 45.0b 32.5bc 37.8b 22.1b 8.6ab

NPK 47.2b 34.3bcd 42.4c 23.7bc 9.2b

NPKMgS1 48.1b 36.6cd 42.8c 25.8c 8.8ab

NPKMgS2 47.7b 31.5b 38.9bc 22.7bc 9.0ab

NPKMgS3 49.4b 37.1d 41.2bc 25.3bc 9.2b

Years (Y)
2008 4.16a 24.0a 32.6a 26.2c 9.0b

2009 46.3b 43.2c 44.9c 24.0b 8.1a

2010 48.1b 32.1b 39.3b 18.0c 9.5c

Fertilization treatments (FT) *** *** *** *** **

Years (Y) *** *** *** *** ***

FT x Y * *** ** ns ns

LE, SH, ST, SE – leaves, shoots, straw, seeds, respectively; 
F – probability values: *,**, *** of 0.05, 0.01, 0.001, ns – not significantly different; 
a the same letters mean the lack of significant differences.
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was the course of weather. The amount of precipitation in the three spring 
months (April, May and June) was about 100 mm in 2008, 190 mm in 2009 
and 138 mm in 2010. The long-term average is 136 mm (SzczepaniaK 2014). 
The analyzed relationship between the K concentration in leaves and N ac-
cumulation in leaves showed a curvilinear course:

NLE = -0.692KLE
2 + 8.594KLE - 8.412  for n = 18, R2 = 0.68 and p < 0.000.

Quite a different regression model was achieved for the relationship be-
tween the K concentration in shoots and the nitrogen content in oilseed rape 
vegetative parts at the onset of flowering:

NLE = 5.349KSH - 8.952   for n = 18, R2 = 0.84 and p < 0.000,
NSH = 4.034KSH - 5.81   for n = 18, R2 = 0.52 and p < 0.000.

The above regression models inform us that the K concentration in le-
aves obtained a saturation-like status, raising up the N content in leaves to 
the K optimum of 6.2%. The linear model indicates the unsaturated status 
of nitrogen. This discrepancy probably results from the limited size of leaves 
for nitrogen accumulation and, at the same time, the continuous growth of 
branches during the flowering phase, resulting in an increasing nitrogen 
accumulation capacity.  

The amount of potassium accumulated in parts of oilseed rape during 
the cardinal growth stages was significantly affected by years and fertilizing 
treatments (Table 2). Interaction, however, was noted only at the beginning 

Table 2 
Statistical evaluation of potassium accumulation and distribution in oilseed rape plant organs 

during critical growth stages (g m-2)

Factor Factor
level

BBCH 30 BBCH 61 BBCH 89

LE LE SH ST SE

Fertilization
treatments 
(FT)

AC 7.71a 3.26a 12.00a 17.36a 2.35a

NP 14.05b 6.52b 20.23b 28.42b 3.25b

NPK 14.38b 7.64b 22.94b 36.37bc 3.93c

NPKMgS1 14.61b 7.93b 20.78b 33.45bc 4.12c

NPKMgS2 14.16b 6.41b 20.95b 36.16bc 3.61bc

NPKMgS3 13.02b 8.05b 22.91b 36.87bc 3.98c

Years (Y)
2008 11.39b 3.49a 14.21a 42.52c 4.28c

2009 13.72b 11.89b 30.52b 29.73b 3.44b

2010 13.84b 4.53a 17.19a 22.07a 2.91a

Fertilization treatments (FT) *** *** *** *** ***

Years (Y) * *** **** *** ***

FT x Y ns ** *** ** ns

key under Table 1
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of flowering and for the stem at the physiological maturity. In the period of 
stem elongation, the content of potassium underwent a significant change 
versus the beginning of flowering (Figure 1). The key reason of the observed 
variation was the course of weather, only slightly modified by the fertilizing 
treatments. In 2009, the content of potassium in leaves was around 3 times 

higher than in the other years. Its content in the control plant was on the 
same level as noted for the best treatments in the other years. The applica-
tion of fertilizers resulted in its increase: 2-forld for NP, 2.-7-fold for NPK 
and 3-fold for  NPKMgS1.  The N content in leaves and in shoots showed a 
curvilinear response to the K content in leaves:

NLE = -0.095KLE
2 + 2.495KLE + 1.307   for n = 18, R2 = 0.85 and p < 0.000,

NSH = -0.071KLE
2 + 2.194KLE + 2.237   for n = 18, R2 = 0.88 and p < 0.000.

The same pattern of K accumulation was observed in shoots, with the 
maximum values recorded in the NPK treatment. The analysis of the impact 
of the KSH content on the nitrogen  accumulation course in leaves and in 
stems showed an identical trend as for KLE:

NLE = -0.017KSH
2 + 1.256KSH - 5.49    for n = 18, R2 = 0.93 and p < 0.000,

NSH = -0.01KSH
2 + 0.933KSK -6.445    for n = 18, R2 = 0.84 and p < 0.000. 

The regression models show a saturation-like status of nitrogen in re-
sponse to the increased K supply to oilseed plants at the onset of flowering. 

Fig. 1. Effect of fertilizing treatments on potassium accumulation in oilseed rape canopy 
at the beginning of flowering; a the same letters mean the lack of significant differences 
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This implicates that excess of available potassium leads to an elevated accu-
mulation of nitrogen, in turn boosting the growth of the vegetative biomass 
of oilseed rape at the expense of seed setting (SzczepaniaK 2014).

The amount of potassium accumulated in the stem at physiological ma-
turity was significantly affected by the weather and slightly modified by the 
fertilizing treatments (Figure 2). In 2008, the content of K in this plant or-
gan showed a considerable response to the increasing input of nutrients, re-

aching the maximum in the NPKMgS1 treatment. In turn, in 2009, the total 
K amount in straw was 30% lower on average than 2008, reaching the ma-
ximum in the NPK treatment. In the third year, 2010, the same trend was 
observed as in 2008, but the amount of K in straw was 50% lower. The effect 
of the fertilizing treatments on the K content in seeds increased stepwise in 
accordance to the number of applied nutrients. 

The K content in stems at the onset of flowering exerted the highest 
direct effect on the yield of the main inflorescence. However, it was signifi-
cantly depressed by the indirect impact of the other variables. On the other 
hand, a moderate direct effect of the potassium content in seeds, through the 
impact of the other variables, became the key factor defining the yield pro-
duced by the principal branch (Table 3). Its effect was modified the most by 
the K content in straw (Figure 3a). The optimum sets of variables, as results 
from the stepwise analysis, except KSE, were slightly different:

Fig. 2. Effect of fertilizng treatments on potassium accumulation in oilseed rape postharvest 
residues; a the same letters mean the lack of significant differences 
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MBY = 0.234KSE + 0.45                   for n = 18, R2 = 0.39 and p < 0.0053,
MBY = 0.037KSH + 0.211KSE + 0.28   for n = 18, R2 = 0.65 and p < 0.0035,
MBY = -0.048KRE + 0.055KSH + 0.247KSE + 0.665 

for n = 18, R2 = 0.79 and p < 0.00006.
This set of equations clearly indicates that the straw K content is an 

important factor influencing seed yields. The yield of seeds produced by se-
condary branches was most strongly affected by the K content in straw, due 
to the indirect effect of K in seeds (Figure 3b, Table 3). Thus, it can be conc-
luded that the degree of K-seed sink saturation depended on the K supply 
from vegetative plant parts during the seed filling: 

Fig. 3. Path diagrams: The arrangement of potas-
sium concentrations affecting directly  

and indirectly the yield of oilseed rape produced by:  
a – the main inflorescence, b –  secondary bran-

ches, c – whole plant
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SBY = 0.059KST + 0.885  for n = 18, R2 = 0.95 and p < 0.00000.
The above regression model implicitly indicates the importance of the K 

post-flowering management in the oilseed rape canopy on the yield produced 
by secondary branches. The dominant effect of this plant part was corro-
borated by the analysis of the varied K impact on the total yield of seeds  
(Figure 3c). It depended on the K content in straw, as revealed by the stepwi-
se analysis, which highlighted the decisive effect of K in straw on yield:

TYS =  0.076KST + 1.638               for n = 18, R2 = 0.89 and p < 0.00000,
TYS = 0.053KSH + 0.074KST + 1.134 for n = 18, R2 = 0.97 and p < 0.00000. 

 In order to explain the dominant effect of KSH on oilseed rape yield, 
the potassium content in plant parts throughout the season was related to 
the size of its structural components. The number of siliques on the main 
stem was affected directly by the K content in straw (Figure 4a). However, 
it was significantly modified by indirect effects of the other variables, most 
markedly by K accumulated in seeds (Table 4). The negative signs of K in 
seeds can be explained by the insufficient K-sink seed capacity, which in 
fact depended on the limited K supply from stems. The stepwise analysis 
revealed a significant but negative effect of the K content in oilseed rape 
at the rosette stage on the number of siliques on the main inflorescence. To 
attain high accuracy of the developed model, an  additional set of variables 
is required, including K in both the rosette and the stems:

SMB = 0.463KST + 31.81                for n = 18, R2 = 0.55 and p < 0.00044,
SMB = -0.865KRE + 0.515KST +41.42 for n = 18, R2 = 0.67 and p < 0.00027,
SMB = -1.386KRE + 0.621KSH + 0.525KST + 43.72 

for n = 18, R2 = 0.76 and p < 0.00013.
The seed density was taken as the principal variable, affecting the 

plant’s K requirement during the seed-filling period. The highest effect on 
the number of seeds per silique on the main branch, as indicated by the cor-

Table 3
Components of the path analysis of the impact of K concentrations on oilseed rape yield, n = 18

Yield type/
K variable 

MBY SBY TSY

DI* IDs** DI IDs DI IDs

KRE -0.388 0.546 -0.027 0.331 -0.150 0.433
KLE -0.375 0.896 0.329 -0.112 0.120 0.218
KSH 1.094 -0.511 -0.230 0.404 0.195 0.131
KST 0.302 0.313 0.595 0.379 0.552 0.390
KSE 0.366 0.260 0.380 0.584 0.408 0.530

* direct effect, ** sum of indirect effects 
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relation coefficient,  was exerted by the K content in shoots. Its impact was 
negative, although it was modified the most by the K content in leaves (Figu-
re 4b, Table 4). The final seed density on the main branch resulted from the 
balance between the K content in leaves and shoots at the onset of flowering. 
At the same time, the stepwise analysis revealed a significant effect of the K 
content in leaves at the rosette stage:

SSMB = 0.675KRE - 0.55KSH + 9.286 for n = 0.18, R2 = 0.39 and p < 0.0234. 
The number of siliques per secondary branch was most distinctly af-

fected by the K content in leaves at the onset of flowering (Figure 3c). The 
trait was significantly modified by the K content in shoots, which affected it 
indirectly albeit negatively, as indicated by path coefficients (Table 4). The 
stepwise analysis corroborated the dominating but relatively weak impact of 
the K content in leaves on the number of siliques: 

SSB = 2.349KLE + 109.4   for n = 18,  R2 = 0.42 and p < 0.0034. 
Secondary branches showed the same seed density pattern in response 

to the K content as the main inflorescence. The key factor, only slightly af-
fected by the other variables, was the K content in shoots at the beginning of 
flowering and in straw (Figure 4d, Table 4). This model was fully corrobora-
ted by the stepwise analysis: 

Fig. 4. Path diagrams: The arrangement of potassium concentrations affecting  
yield structural components:  

a – number of siliques per main inflorescence, b – number of seeds per silique in the main 
inflorescence, c – number of siliques on the secondary branch, d – number of seeds per silique 

on the secondary branch
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SSSB = -0.6KSH +  14.38               for n = 18, R2 = 0.44 and p < 0.0029,
SSSB = -0.636KSH + 0.15KST + 9.9  for n = 18, R2 = 0.63 and p < 0.00057. 
It can be concluded, based on the above equations, that the seed density 

as a prerequisite of final yields depends on the K management pattern in 
oilseed rape canopy before and just after flowering. It was observed that an 
increase in the net K accumulation affected significantly the net biomass 
production, most distinctly in 2008 (Figure 5). This finding implicates the K 
oilseed rape economy as the key cause of positive correlation between the dry 

Table 4
Components of path analysis of the impact of K concentrations on oilseed rape yield structural 

components, n = 18

Yield  
component
/K variable

SMB SSMB SSB SSSB 

DI* IDs** DI IDs DI IDs DI IDs

KRE -0.466 0.306 -0.050 0.553 0.348 -0.148 0.176 -0.359
KLE -0.412 0.497 1.247 -0.598 1.531 -1.787 0.065 -0.664
KSH 0.736 -0.609 -0.630 1.226 -2.090 1.709 -0.846 0.186
KST 1.502 -0.762 -0.474 0.799 -1.630 1.516 0.778 -0.397
KSE -0.694 1.345 0.742 -0.368 1.490 -1.504 -0.384 0.705

* direct effect, ** sum of indirect effects 

Fig. 5. A net vegetative biomass increase during the seed-filling period as a function  
of the net potassium accumulation in straw
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matter increase during oilseed rape flowering and seed density. In 2009 and, 
in few instances, in 2010. there was a negative Kn balance. Consequently, 
the number of seeds per silique on the secondary branch considerably depen-
ded on this trait of oilseed rape plants:

SSSB = 0.184Kn + 9.61  for n = 18 and R2 = 0.62 for p < 0.00000. 
This study showed that the yield forming effect of potassium is intrin-

sic to the seed density on secondary branches. Therefore, the suggestion 
expressed by roSe et al. (2008), that potassium has a yield effect until the 
flowering stage was confirmed only under an ample water supply, which 
occurred in 2009. In general, oilseed production is conducted under rain-
fed conditions. Oilseed rape, as shown in Figures 1 and 2, requires a huge 
amount of potassium. The most important factor which determined the K 
uptake by plants is the soil resources. As reported by šKarpa and HLušeK 
(2012), the actual content of soluble and exchangeable potassium depends on 
the weather course during the growing season. However, the negative impact 
of the weather on this K form can be ameliorated by K fertilizer application. 
In addition, non-exchangeable K resources should also be considered in mak-
ing fertilization plans (GrzeBiSz, oertLi 1993). 

conclusion 

The study proved that potassium is a major nutritient, which affects the 
N economy in oilseed rape, formation of yield components and, consequently, 
oilseed rape yield. Despite fluctuations of the K content during the growing 
season, the key predictor of yield is the potassium content in stems. This 
relationship can be explained by the requirements of growing seeds during 
plant maturation. Therefore, sucessful control of the seed density, which 
defines the size of K physiological sink, is the challenging task for farmers. 
The study showed that the pattern of potassium uptake by the crop since 
the onset of flowering significantly affected the development of structural 
yield components. Any excess of potassium taken up by oilseed rape before 
flowering, resulting in the saturation-like model of nitrogen uptake, leads to 
a significant reduction in the seed density on the main branch and, especial-
ly, on secondary branches. The oilseed rape yield, in the light of the above 
study, depends on the net K content increase in vegetative parts of the crop 
during the seed-filling period. 
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Abstract

Application of mineral fertilisers, especially nitrogen ones, increases potato yields. On the 
other hand, it can depreciate the quality of potato tubers and raise storage loss. With bio-fer-
tilisers like UGmax, farmers can limit the need for mineral fertilisers by activating minerals 
which occur in soil. Microorganisms contained in UGmax, enriched with the start-nutrition 
medium, process (compost) residue of the last harvested crop, straw, manure break crops (or-
ganic fertilisers), etc. Together with soil minerals, they make humus, a natural environment for 
soil life as well as a ‘store’ of nutrients. The aim of the following, 3-year research was to deter-
mine changes in the content of vitamin C, nitrogen, phosphorus, potassium and crude protein 
(nitrogen x 6.25) in cv. Satina potato tubers stored for 6 months indoors at the temperature of 
4°C, depending on previous application of soil fertiliser (with/ without UGmax), varied organic 
matter (without fertiliser, stubble intercrop: pea, straw and farmyard manure (FYM) as well as 
a half dose of mineral fertilisation as compared with the control. The highest vitamin C content 
was recorded in potato tubers from the treatments with FYM, full NPK and soil fertiliser. With 
half the dose of mineral fertilisation, UGmax most effectively increased the vitamin C content 
in potato tubers in the treatments with FYM and pea. The biggest decrease in the content of 
that nutrient after 6-month storage appeared in tubers from the plots with FYM, 50% NPK and 
without UGmax (38.5%). The content of nitrogen, phosphorus, potassium and total protein in 
tubers significantly depended on the dose of mineral fertilisation, where full NPK increased the 
content of the analysed nutrients. Moreover, the content of potassium was significantly higher 
in tubers from the plots with farmyard manure (FYM). The use of the soil fertiliser significantly 
increased nitrogen and total protein in tubers. After 6-month storage in chambers at + 4°C, 
the nitrogen, phosphorus and potassium content decreased slightly, on average by 4.9%, 12.4%, 
13.1%, respectively. 
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introduction

Organic food has been enjoying a growing consumer interest, which inter 
alia necessitates performance of an objective evaluation of potato tuber quality 
in terms of their chemical composition. For the last ten years, the number of 
organic farms in Poland has risen by several-fold (truBa at al. 2012). The Eu-
ropean Union countries promote organic farming, hence an answer is searched 
for to the question whether organic potato tubers or those derived from reduced 
mineral fertilisation plantations where farmyard manure (FYM), green ma-
nure as well as plant growth enhancers are applied, achieve a better nutritive 
value than those grown in other farming systems. The use of microbiological 
bio-agents (also referred to as ‘fertilisers’) enhances tuber yielding and chemical 
composition (trawczyńSKi, BoGdanowicz 2007). The soil fertiliser UGmax is a mi-
crobiological preparation composed of yeasts, lactic acid bacteria, photosynthetic 
bacteria, Azotobacter, Pseudomonas and Actinobacteria, as well as potassium 
(3500 mg dm-3), nitrogen (1200 mg dm-3), sulphur (1000 mg dm-3), phosphorus 
(500 mg dm-3), sodium (200 mg dm-3), magnesium (100 mg dm-3), zinc (20 mg 
dm-3) and manganese (0.3 mg dm-3) (trawczyńSKi 2007). The use of UGmax aims 
at improving physiochemical soil properties. It accelerates the decomposition of 
post-harvest residue and organic fertilisers, activates nutrients from minerals or 
insoluble compounds and improves water relations (dłuGoSz et al. 2010). Thus, 
crops can use elements from mineral fertilisers more efficiently, which in turn 
allows farmers to lower mineral fertilisation doses, consequently limiting the 
emission of harmful substances to surface waters. The positive effect on potato 
tuber yield volumes is also well known (zarzecKa et al. 2011).

The nutritive value of potato tubers is determined by such nutrients 
which, having been digested and absorbed into blood, are used by the body  
as a source of energy, building material or a factor controlling life processes 
(Law ... 2009). Examples are vitamin C and proteins. In organic farming, far-
myard manure (FYM) and green manure are the source of nitrogen, phosphorus, 
potassium and trace elements. Plants take up nitrogen up to the share of 50% 
over a period of 45 days after emergence. Thus, delayed mineralization of FYM 
and green manure to available nitrogen forms during the plant growth can 
be a problem, causing adverse effects on the quality and storage life of tubers 
(wHeatLey et al. 2000). The aim of the present research was to verify whether 
a farming system with limited mineral fertilisation and the use of organic fer-
tilisers as well as soil fertiliser can affect the content of vitamin C, nitrogen, 
phosphorus, potassium and crude protein content in cv. Satina potato tubers.

material and methods

Tubers of the table cultivar Satina N (mid-early potato cultivar) were 
obtained from experimental plots set up on soil class IV b in a three-factor 
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split-plot design at Mochełek Experimental Station of the University of Tech-
nology and Life Sciences in Bydgoszcz. After harvest, they were stored for 6 
months in chambers at the temperature of + 4°C and relative air humidity of 
95%. For the experiment factors, see Table 1. 

Table 1
Research factors

First factor (A): type of organic matter 
Control without organic fertilisers

Intercrop - pea at a dose of 40 kg ha-1 on experimental plots in autumn after 
post-harvest treatments and before pre-winter plough

Straw at a dose of 4 t ha-1 on experimental plots in autumn after 
post-harvest treatments and before pre-winter plough

Farmyard manure - FYM at a dose of 25 t ha-1 in autumn
Second factor (B): mineral fertilisation 

100% dose of NPK fertilisation applied in spring prior to potato planting, at doses adjusted 
to the soil richness (low phosphors very low potassium) and 
nutritive requirements of the plant: 100 kg N ha-1, 100 kg 
P2O5 ha-1, 150 kg K2O ha-1

50% of NPK fertilisation
Third factor (C): the application of the bio- fertiliser UGmax

With bio-fertiliser The bio-fertiliser was applied in the experiments at three 
doses: in autumn prior to pre-winter plough on organic mat-
ter at the dose of 0.6 l ha-1, in spring prior to tuber planting 
during land tillage at the amount of 0.3 l ha-1, as foliar fer-
tilisation at the potato plant height of 15-20 cm at the dose 
of 0.3 l ha-1.

Without bio-fertiliser

The vitamin C content was assayed with the Tillmans method, by ti-
tration of an adequately prepared sample with the titrant of 2.6-dichloro-
phenoloindophenol, in line with standard PN-90/A-75101/11; the content of 
total protein was calculated from the content of nitrogen multiplied by 6.25, 
assayed with the Kjeldahl method on a BüchiLabortechnik B-324 apparatus, 
after mineralization in concentrated sulphuric acid (VI). The potassium con-
tent was determined in the dry weight in potato tubers after mineralization 
and using atomic absorption spectrophotometry. Phosphorus was assayed by 
the photometric method. The significance of differences between the results 
was tested at α = 0.05; the data were submitted to analysis of variance with 
the help of Statistica 8.0. 

The course of the weather during the growing season was described with 
the precipitation sum and coefficient K (Table 2), calculated from the formula 
K = 10 (P/T), which includes the sum of precipitations in (mm) during the 
analysed time (P) and the sum of mean daily temperatures in (°C) in the 
same time period (T). Optimal values fall within the range from 1.0 to 2.0. 
Values of K > 2.0 stand for a wet plant growing period with water excess. 
The meteorological data were collated from records of the Weather Station at 
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Mochełek. The 2009 season showed drought periods during the early plant 
growth, much moisture afterwards and a spell of semi-dry weather at the end 
of the growing season. During the 2010 and 2011 growing seasons, the weath-
er was quite wet, thus being optimal for the potato development and growth. 

The chemical composition of soil before the onset of the field experiment 
was similar in each year; the soil was very poor in available forms of potas-
sium and magnesium and poor in available phosphorus (Table 3). Besides, 
the soil pH implicated slight acidification with trace elements of organic 
carbon and total nitrogen.

Table 2 
Weather conditions during the plant growing season at Mochełek Experiment Station

Years
Rainfall

Summonth
Apr May June July Aug Sept

2009 0.4 12.4 53.4 118.0 17.6 34.4 236.1
2010 33.8 92.6 18.1 107.4 150.7 74.7 477.3
2011 13.5 35.4 100.8 132.5 67.7 37.0 386.9

Average 15.9 46.8 57.4 119.3 78.7 48.7 366.8
Temperature

2009 9.8 12.3 14.5 18.6 18.2 13.7 87.1
2010 7.8 11.5 16.7 21.6 18.4 12.2 88.2
2011 10.5 13.5 17.7 17.5 17.7 14.3 91.2

Average 9.4 12.4 16.3 19.2 18.1 13.4 88.8
Hydrotermal coefficient K average

2009 0.01 0.32 1.23 2.05 0.61 0.84 0.84
2010 1.44 2.60 0.36 1.60 2.64 2.04 1.78
2011 0.43 0.85 1.90 2.44 1.23 0.86 1.29

Average 0.63 1.25 1.16 2.03 1.50 1.25 1.30

K: 0-0.5 drought; 0.6-1.0 mild drought; 1.1-2.0 moist, optimal conditions; 2.1- wet

Table 3
Chemical properties of the soil (mean from years 2009-2011)

Specification Richness

pH H2O 6.5
pH KCl 6.0 slightly acid soil

Organic matter 6.95 g kg-1

Total nitrogen 0.7 g kg-1

Content of available nutrients (mg kg-1) 
P - 26.0
K - 45.0
Mg - 16.0

poor 
very poor 
very poor
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results and discussion

The human body cannot synthesize vitamin C, which must be supplied 
with a diet. By eating about 300 g potato tubers per day, the body can be 
supplied with up to 50% of daily vitamin C requirement (wicHrowSKa, poBe-
reŻny 2008). Vitamin C is an essential health-enhancing exogenous nutrient 
for humans, and potatoes are one of the staple foodstuffs supplying this 
nutrient. Vitamin C plays an essential role in cells maintaining an adequate 
redox potential, by scavenging reactive forms of oxygen and neutralizing 
nitrogen produced by the cellular metabolism (SieS et al. 1992). Vitamin 
C also affects the production of collagen, which accelerates wound healing,  
increases resistance to infections and, as an antioxidant, offers protection 
from carcinogenic changes. Its content in potato tubers ranges from 100 to 
300 mg kg-1 and is mostly cultivar-specific, although considerably depending 
on the climate conditions during vegetation (roGozińSKa 2000, wicHrowSKa, 
poBereŻny 2008). With our research results confirmed by the statistical 
analysis, it was proven that all the experimental factors significantly diffe-
rentiated the content of vitamin C in potato tubers after harvest (Figure 1). 
The highest content of that nutrient was reported in potato tubers from the 
treatments with FYM, a full dose of mineral fertilisation and the bio-fertili-
ser (359.0 mg kg-1). The vitamin C accumulation was enhanced by an appli-
cation of UGmax into soil (an average increase by 11% compared with tubers 
collected from the treatments with no bio-fertiliser) and full NPK. With half 
the mineral fertilisation dose, UGmax increased the content of vitamin C in 
potato tubers most effectively in the treatments with the application of FYM 
and pea (Figure 1).

Similar relationships between fertilisation with FYM and catch crop ver-
sus an increasing content of vitamin C in tubers (compared with treatments 
without organic fertilisation) were reported by BoLiGłowa and GLeń (2003). 
Inoculation of soil with microorganisms enhances its fertility, the yielding  
of plants and the chemical composition of tubers (SuLewSKa et al. 2005,  
trawczyńSKi, BoGdanowicz 2007). After storage, the content of vitamin C in 
potato tubers derived from the experiment decreased by 33.3%, on average 
for all the treatments, compared with the content immediately after harvest 
(Figure 2). The biggest decrease in the nutrient analysed after 6-month 
storage was recorded in tubers from the plots with the application of FYM, 
50% NPK and without UGmax (38.5%). All the research factors applied in 
the experiment significantly differentiated the level of vitamin C in potato 
tubers. There were also significant interactions between the application of 
organic matter as well as mineral fertilisation. Similarly to the findings 
immediately after harvest, most vitamin C was contained in potato tubers 
from the treatment with FYM, full mineral fertilisation and soil fertiliser, 
where the content of the nutrient equalled 255.2 mg kg-1 of fresh weight of 
tubers. The storage period duration as well as temperature and moisture in 
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LSD p ≥ 0.05 (Tukey test):  A (organic matter) = 60.7  
B (mineral fertilisers)= 2.2  
C (used UGmax)= 14.9  
B/A = n.s. A/B = n.s. C/A = n.s. A/C = n.s. C/B = n.s. B/C = n.s.  
n.s. – non significant

Fig. 1. Vitamin C content in potato tubers after harvest depending on research factors  
(mg kg-1 fresh weight) the 2009-2011 average

LSD (Tukey test) p ≥ 0.05  A (organic matter) = 10.3  
B (mineral fertilisers) = 5.8  C (used UGmax) = 7.9  
B/A = 11.6  A/B = 12.7  C/A = n.s.  
A/C = n.s.  C/B = n.s.  B/C = n.s.  
n.s. – non significant

Fig. 2. Vitamin C content in potato tubers after 6 months of storage depending on research 
factors (mg kg-1 fresh weight) average from the 2009/2010-2011/2012 storage seasons
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the storage room can change the content of nutrients, including vitamin C, 
nitrogen, protein (GąSiorowSKa 2000, wicHrowSKa et al. 2009).

During storage, both forms of vitamin C (ascorbic acid and dehydroascor-
bic acid) undergo irreversible oxidation to biologically inactive products 
(2,3- dioxol-L-gluconic acid). The process intensifies during tuber sprouting, 
hence optimal temperature to minimise vitamin C losses ranges from +4 to 
+6°C. The content of Vitamin C after seven-month storage could decrease by 
as much as 60-80%. 

The results have shown that the content of the macroelements under 
study was modified by the experimental factors. Nitrogen is an important mac-
roelement in an assessment of the chemical composition of potato tubers. Its 
amount is mostly determined by organic and mineral fertilisers (wierzBicKa, 
trawczyńSKi 2011). in the tuber samples they investigated, the nitrogen content 
varied dependng on effective microorganisms, cultivars and weather conditions. 
The highest content of nitrogen in tubers was recorded for very early cultivar 
Miłek (13.2 g kg-1), and the lowest one for late cultivar Ursus (11.0 g kg-1). The 
application of effective microorganisms increased the content of nitrogen in tu-
bers by an average of 1.2 g kg-1. trawczyńSKi and BoGdanowicz (2007) revealed 
the effect of soil microorganisms contained in soil fertiliser on the content of 
nitrogen, phosphorus and potassium. As reported by many authors (Gianquin-
to, Bona 2000, płaza 2004, róŻyło, pałyS 2006, piiKKi et al. 2007), each form 
of fertilisation significantly increased the nitrogen content in tubers. In tubers 
produced by potatoes fertilised with FYM and NPK, the nitrogen content was 
16.5 g kg-1; control tubers (only mineral NPK) had 15.4 gN kg-1 (płaza 2004).

In this study, the nitrogen concentration ranged from 15.86 to 18.30g 
kg-1 dry weight after harvest (Table 4), falling to 15.1 to 17.1 g kg-1 of dry 
weight after 6 months of storage (Table 5). A full dose of mineral fertilisation 
and applied bio-fertiliser significantly increased the nitrogen content in pota-
to tubers after harvest. The interaction between organic matter and mineral 
fertilisation was also significant, with a positive effect in tubers from the 
treatment with pea as intercrop; full mineral fertilisation dose and bio-fer-
tiliser. The effect of organic matter and bio-fertiliser on the nitrogen content 
in potato tubers during storage was not significant. After 6-month storage 
in chambers at the temperature of +4°C, the nitrogen content decreased 
slightly, by an average of 4.9% for treatments. The storage capacity and the 
system of storage used are very much associated with the carbohydrate me-
tabolism and the substances affecting it as well as the nitrogen metabolism 
(MoHaMed e.o. eLSayed, 2008). 

The content of phosphorus in tubers determines the technological val-
ue of potato. According to wierzBicKa and trawczyńSKi (2011), its amount 
depends on the cultivar and weather conditions. The content of phosphorus 
in the experiments in which standard fertilisation was applied (płaza 2004, 
zarzecKa, GuGała 2010) ranged from 2.5 to 2.9 g kg-1 and it was two-fold 
higher than in those investigated by wierzBicKa and trawczyńSKi (2011) in 
organic tubers. zarzecKa and GuGała (2010) also found that more phosphorus 
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Table 4
Nitrogen, phosphorus and potassium content in potato tubers after harvest depending  

on research factors (g kg-1 dry weight), 2009-2011 average

Factors
Mineral fertilisation (B)

Average
100% dose 50% dose

Organic  
matter  

(A)
bio- fertiliser  

(C) N P K N P K N P K

Control

without 
soil fertili-

sers

average 
from years 17.30 3.26 26.86 16.61 2.26 21.55 16.94 2.76 24.21

SD 1.14 0.04 0,25 1.14 0.06 0.37 1.14 0.05 0.31

with soil 
fertilisers

average 
from years 17.74 3.36 27.84 16.70 2.31 22.49 17.23 2.83 25.16

SD 0.50 0.01 1.07 0.14 0.01 0.52 0.32 0.01 0.80

Average 17.52 3.31 27.35 16.66 2.28 22.02 17.09 2.81 25.16

Intercrop- 
pea

without 
soil fertili-

sers

average 
from years 17.81 3.32 27.59 15.86 2.31 22.39 16.83 2.82 24.99

SD 0.29 0.02 0.16 0.78 0.01 0.49 0.53 0.02 0.3

with soil 
fertilisers

average 
from years 18.30 3.40 28.29 16.45 2.38 22.97 17.38 2.89 24.99

SD 0.29 0.02 0.34 0.50 0.01 0.13 0.38 0.01 0.23

average 18.05 3.36 28.41 16.14 2.35 23.02 17.10 2.85 25.71

Straw

without 
soil  

fertilisers
average 

from years 18.14 3.33 27.59 16.54 2.31 23.50 17.34 2.82 25.59

SD 1.06 0.01 0.25 0.78 0.01 0.49 0.91 0.01 0.37
with soil 
fertilisers

average 
from years 18.00 3.39 28.39 17.34 2.35 24.79 17.68 2.87 26.59

SD 0.85 0.04 0.34 0.78 0.04 0.23 0.82 0.04 0.29

average 18.08 3.36 28.51 16.94 2.33 24.87 17.52 2.85 26.69

FYM

without 
soil  

fertilisers

average 
from years 16.75 3.48 28.77 16.05 2.44 25.39 16.40 2.96 27.08

SD 0.35 0.01 0.20 0.21 0.01 0.23 0.29 0.01 0.21

with soil 
fertilisers

average 
from years 16.66 3.59 28.96 16.66 2.50 26.78 16.66 3.04 27.87

SD 0.21 0.02 0.10 0.26 0.04 0.15 0.24 0.03 0.12

average 16.70 3.53 28.86 16.36 2.47 26.83 16.53 3.00 27.91

Average

without 
soil  

fertilisers
average 

from years 17.50 3.35 27.70 16.26 2.33 23.21 16.88 2.84 25.45

with soil 
fertilisers

average 
from years 17.68 3.44 28.41 16.78 2.40 24.29 17.23 2.92 26.35

Average 17.58 3.51 28.05 16.52 2.46 23.75 17.05 2.98 25.90

LSD (Tukey test) p ≥ 0.05
n.s. – not significant
SD – standard deviation

A
B
C

B/A
A/B
C/A
A/C
C/B
B/C   

n.s. n.s. 1.183
0.256 0.994 0.994

0.304 n.s. n.s.

0.496 n.s. n.s.

2.832 n.s. n.s.

n.s. n.s. n.s.

n.s. n.s. n.s.

n.s. n.s. n.s.
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Table 5
Nitrogen, phosphorus and potassium content in potato tubers after 6 months of storage depending 

on research factors (g kg-1 dry weight), average from 2009/2010-2011/2012 storage seasons

Research factors
Mineral fertilisation (B)

Average
100% dose 50% dose

Organic 
matter  

(A)
bio- fertiliser  

(C) N P K N P K N P K

Control

without 
soil  

fertili-
sers

average 
from 
years

16.26 2.97 20.65 15.10 1.93 20.23 15.68 2.45 20.44

SD 0.35 0.02 0.21 1.14 0.01 0.44 0.74 0.02 0.33

with  
soil  

fertili-
sers

average 
from 
years

16.94 3.00 21.25 15.81 1.98 20.63 16.37 2.49 20.94

SD 0.21 0.02 0.33 0.29 0.01 0.43 0.24 0.02 0.38
average 16.61 2.99 20.95 15.46 1.96 20.43 16.03 2.47 20.69

Intercrop- 
pea

without 
soil  

fertili-
sers

average 
from 
years

15.55 3.08 21.98 15.86 2.02 21.66 15.70 2.55 21.82

SD 0.64 0.01 0.16 1.63 0.01 0.23 1.14 0.01 0.19

with  
soil  

fertili-
sers

average 
from 
years

17.06 3.09 22.73 16.26 2.04 22.16 16.66 2.56 22.44

SD 0.21 0.01 0.32 0.21 0.01 0.38 0.21 0.01 0.35
Average 16.30 3.09 22.35 16.05 2.03 21.91 16.18 2.56 22.13

Straw

without 
soil ferti-

lisers

average 
from 
years

15.90 3.10 22.74 15.30 2.07 22.58 15.60 2.58 22.66

SD 1.28 0.01 0.23 0.29 0.01 0.41 0,78 0.01 0.32
with soil 
fertili-
sers

average 
from 
years

17.10 3.13 23.44 15.90 2.07 23.38 16.50 2.60 23.41

SD 0.43 0.01 0.21 0.14 0.01 0.41 0,29 0.01 0.31
Average 16.50 3.12 23.09 15.60 2.07 22.98 16.05 2.59 23.03

FYM

without 
soil  

fertili-
sers

average 
from 
years

17.34 3.28 24.46 15.86 2.26 23.97 16.61 2.77 24.22

SD 0.21 0.01 0.44 0.21 0.01 0.11 0.21 0.01 0.28

with  
soil  

fertili-
zers

average 
from 
years

17.06 3.37 24.65 16.00 2.34 23.49 16.53 2.86 24.07

SD 0.06 0.01 0.33 0.70 0.02 0.35 0.38 0.02 0.34
average 17.20 3.32 24.56 15.92 2.30 23.73 16.56 2.81 24.14

Average

without 
soil ferti-

lizers

average 
from 
years

16.26 3.11 22.46 15.52 2.07 22.11 15.89 2.59 22.28

with soil 
fertili-
sers

average 
from 
years

17.04 3.15 23.01 15.98 2.11 22.41 16.51 2.63 22.71

Average 16.66 3.13 22.74 15.76 2.09 22.26 16.21 2.61 22.50

LSD (Tukey test) 
p ≥ 0.05
n.s. – not significant

A
B
C

B/A
A/B
C/A
A/C
C/B
B/C

 n.s. n.s. n.s.
0.896 0.994 n.s.
n.s. n.s. n.s.
n.s. n.s. n.s.
n.s. n.s. n.s.
n.s. n.s. n.s.
n.s. n.s. n.s.
n.s. n.s. n.s.



226

was contained in potato tubers in simplified cultivation as compared with the 
traditional one, and the herbicides used for cultivation decreased the content 
of phosphorus. Other authors [róŻyło and pałyS 2006] observed neither  
the effect of fertilisation nor the type of soil on the content of phosphorus, 
although in all the objects the phosphorus content was high: from 4.4 to  
4.6 g kg-1. In the tubers analysed in our experiment, the mean content of 
phosphorus for the objects was 3.51 g kg-1 of dry weight (Table 4).

The tubers from plants fertilised with full NPK contained significantly 
more phosphorus (by 30%) than those harvested from the plots with half a 
dose of mineral fertilisation. A similar tendency was observed, i.e. a higher 
concentration of phosphorus, after 6 months of storage in tubers from the 
plots of full mineral fertilisation (Table 5). Manure (FYM) introduced into 
soil significantly increased the content of potassium in tubers after harvest 
(Table 3). The concentrations of phosphorus decreased during storage (Table 5) 
depending on the content after harvest. 

Of all the macroelements, potato tubers contained most potassium. The 
content of potassium in the dry weight of tubers was 25.9 g kg-1 on average 
and varied as a result of the type of organic and mineral fertilisation ap-
plied. The content of potassium in organic tubers investigated by wierzBicKa 
and trawczyńSKi (2011) was similar to the level of the potassium content  
in the fertilisation experiments, being on average 16.3 g kg-1 (zarzecKa,  
GąSiorowSKa 2000, płaza 2004, prośBa-BiałczyK, tajner-czopeK 2006).  
A higher level of potassium (17.5 g kg-1) was recorded in tubers when mine- 
ral NPK fertilisation was applied than without it (15.5 g kg-1) (prośBa- 
-BiałczyK, tajner-czopeK 2006). In the studies which involved organic and 
mineral fertilisation (płaza 2004), the mean content of potassium in tubers 
collected from an object with farmyard manure was 15.6 g kg-1 and in tubers 
from a variant with mineral fertilisation (without FYM) it declined to 14.1 g 
kg-1. In other research (róŻyło, pałyS 2006), the level of potassium was much 
higher than in the organic tubers investigated by wierzBicKa and trawczyńSKi 
(2011). The application of varied mineral-and-organic fertilisation by those 
authors resulted in a significant increase in the content of potassium (22.2 g 
kg-1) compared to organic fertilisation (21.6 g kg-1) or to the variant without 
fertilisation (21.1 g kg-1). In the present research, the significantly highest 
amount of potassium was recorded in tubers from the plots fertilised with 
FYM as well as a complete dose of mineral fertilisation (27.91 g kg-1). 

Nitrogen compounds occur in tubers at the amount of about 2% conver- 
ted into protein (N x 6.25), i.e. as the so-called total protein, with the share 
of pure protein between 35 and 65%. The daily protein requirements for an 
adult is 1 gram per kilogram of the body weight, e.g. with the body weight 
of 70 kg one should consume 70 g of protein daily (including 35 g of animal 
and 35 g of plant protein). Potato protein is a valuable nutrient, although 
its content in potato is small. The protein quality is determined by essential 
amino acids it contains; the body cannot synthesize them independently, 
which is why they must be supplied with food. Out of the eight amino acids 
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people must ingest, seven are found in potato protein: leucine, lysine, isole-
ucine, phenylalanine, threonine, methionine and valine (woda-LeśniewSKa 
1993, zGórSKa 2002, aHMed et al. 2010). The content of protein considerably 
depends on the climate conditions during the vegetation period. Dry years 
enhance the increase in the total protein content in tubers (roztropowicz 
1989). The protein accumulation in tubers is also affected by genetic traits 
(woda-LeśniewSKa 1993) and agrotechnical conditions (SzynaL, SyKut 1992, 
BoLiGłowa, dzienia 1999, riVero 2003, teKaLiGn, HaMMeS 2005, BrzozowSKa 
2008, wicHrowSKa et al. 2009). Based on the results given in Figure 3, the 
content of total protein in tubers ranged from 99.1 to 114.4 g kg-1 of dry 
weight and significantly depended on mineral fertilisation, where full NPK 
increased the content of the compound. The application of bio-fertiliser in-
creased the content of total protein in tubers. According to róŻyło and pałyS 
(2009), potato tubers from organic + mineral objects contained significantly 
more total proteins than tubers from the remaining objects. After 6-month 
storage in chambers at the temperature +4°C, the content of total protein 
decreased slightly, on average for treatments by 2.3% (Figure 4). According 
to wicHrowSKa et al. (2009) and wicHrowSKa (2013), total protein losses in 
the tubers stored at +4°C are lower than in chambers at the temperature of 
+8°C: by 1% after 3 months and by 2.9% after 6 months. 

LSD (Tukey test) p ≥ 0.05 A (organic matter) = n.s. B (mineral fertilisers) =1.6 C (UGmax) =1.9
B/A = 3.1 A/B = 17.7 C/A = n.s. A/C = n.s. C/B = n.s. B/C = n.s.

Fig. 3. Protein content in potato tubers after harvest depending on research factors  
(mg kg-1dry weight) 2009-2011 average



228

conclusions

1. A significant effect of the organic matter applied on the content of vi-
tamin C and potassium in potato tubers was demonstrated. 

2. Potato tubers from the plots fertilised with a complete dose of mineral 
fertilisers contained significantly more macroelements than tubers collected 
from the plots with half the dose of mineral fertilisers. 

3. The microorganisms introduced into soil together with the bio-fertiliser 
caused a significant increase in the content of vitamin C, nitrogen as well 
as protein in tubers; they also increased the content of phosphorus and po-
tassium in tubers. Beraing this in mind, it is justified to apply bio-agents in 
potato growing because they can transform the unavailable forms of nutrients 
into available ones owing to the microorganisms which they contain. 

4. The content of nitrogen and protein in tubers significantly depended 
on the interaction of organic matter as well as a dose of mineral fertilisation 
introduced to soil. The highest levels of nutrients were found in tubers from 
the plots fertilised with pea grown as an intercrop, and from the plots with 
full NPK fertilisation. 
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Abstract

The aim of this study was to determine the response of planktonic cyanobacteria and peri-
phyton assemblages (periphytic algae in the separator pipes, epilithon and epiphyton) to lamella 
separator-treated stormwaters in urban Lake Jeziorak Mały in 1997-2003 and 2005. Relation-
ships between periphyton and phytoplankton assemblage and water chemistry variables were 
analyzed by calculating the Spearman’s rank correlation coefficient, and then with canonical 
correspondence analysis (CCA). 

The basic factors favouring the cyanobacterial growth were water temperature and iron, 
while high chloride concentration limited their development. Cyanobacterial abundance recor-
ded at the separators was half that of the pelagic zone because of a lower water temperature 
and higher Cl concentration, indicating high algal sensitivity to the considerable velocity and 
disturbances caused by stormwater effluents. Higher silicon and calcium concentrations at the 
separators and orthophosphates at sites with stones and gravel showed connection with the gro-
wth of diatoms, especially Fragilaria leptostauron var. martyi, Diatoma vulgaris and Navicula 
gregaria. The richness of the dominant cyanobacteria, Aphanizomenon gracile and Limnothrix 
redekei, was related with the water temperature, conductivity, pH, and TN. Similarities in the 
periphyton dynamics in separator pipes and epilithon between the years covered by the study 
suggest significant influence of separator-treated stormwater on these assemblages, in contrast 
to epiphyton and phytoplankton in the pelagial zone, where these waters had limited influence. 
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introduction

The growing industrial development of urban areas and the twnetieth-
century agriculture contributed to water eutrophication, which accelerates in 
urban agglomerations when domestic sewage and nutrient-rich stormwater 
enter shallow lakes (GuzKowSKa, GaSSe 1990, wicHeLen et al. 2007). Excess 
primary nutrient production causes massive growth of some algal species, 
particularly cyanobacteria, resulting in algal blooms (reynoLdS 1984), which 
deteriorates the ecological status of some lakes (napiórKowSKa-KrzeBietKe et 
al. 2012). These processes are effectively limited by reducing the nutrient 
inflow, using lake-basin restoration methods, including hypolimnetic with-
drawal (oLSzewSKi 1961, wicHeLen et al. 2007) combined with artificial aera-
tion and mixing of bottom waters (SteinBerG 1983, Moore et al. 2012), plus 
the removal of bottom sediments and chemical deactivation of phosphorus 
(LoSSow et al. 2004). Effective lake restoration must take into the lake’s mor-
phological and hydrological conditions, pollution sources, catchment use and 
technical methods appropriate for local conditions (BernHardt 1987). Polluted 
stormwaters are often discharged directly into lakes in urbanized catchments 
where sewerage systems and pipes to collect overland flow and waste water 
are absent (GuzKowSKa, GaSSe 1990). Separators can be used for stormwater 
organic substance pretreatment to protect urban lake water.

Owing to their role in aquatic ecosystem, phytoplankton and plant pe-
riphyton are good indicators of eutrophication changes in lakes, caused by 
nutrient inflow. Ecologically, phytoplankton and periphyton contribute to the 
nutrient cycling and biological productivity of aquatic systems by linking the 
“bottom-up” and “top-down” processes (reynoLdS 1984).

Jeziorak Mały is a eutrophic lake dominated by planktonic cyanobacte-
ria. In 1997, protective restoration measures were implemented, including 
the installation of lamella separators for stormwater pretreatment. The aim 
of this paper was to determine the response of cyanobacteria (plankton) and 
periphyton assemblages to the influx of stormwaters in the urban lake Jezio-
rak Mały, in 1997-2003 and in 2005. The general problem was whether stor-
mwaters flowing through the separators affected the growth of cyanobacteria 
(plankton) and periphyton assemblages in this lake. Answers to the following 
questions were sought to verify it:

(1) Did storm water inflows significantly change the water chemical com-
position in Jeziorak Mały Lake? 

(2) Do differences occur in succession of cyanobacteria at the separator 
sites and in the pelagic zone?

(3) Are there relationships between periphyton assemblages in the sepa-
rator pipes and in the epilithon, epiphyton and phytoplankton?

(4) Have the environmental requirements of the dominant periphyton and 
phytoplankton assemblages changed after the installation of the separators? 
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material and methods

Jeziorak Mały is a typical, shallow (mean depth 3.4 m), eutrophic, urban 
lake lying in the Mazurian Lakeland, in northeastern Poland (Figure 1). The 
26-ha lake is situated in a temperate climate zone. It is connected to Jezio-
rak Duży Lake (3219 ha area) by a narrow canal (4 m width and 4 m depth). 
For decades, Jeziorak Mały received untreated municipal sewage from the 
town of Iława, but since 1991, the effluent has been treated in a local waste-
water treatment plant. The ongoing lake water quality improvement began 
in 1997 and included the installation of separators for pretreatment of stor-
mwater influent and a fountain-based water aeration system. The construc-
tion of on the Unicon System lamella separators in the lake’s littoral zone 

started in 1996 and was completed in spring 1997, now preventing untreated 
stormwater from entering the lake. These separators contain 16 blinder sec-
tions, 1200 mm diameter inlet and outlet pipes, and a 10,000 l sedimentation 
tank to remove petroleum compounds, silt and sand in a separate rainwater 
sewer system. The efficiency of the separation petroleum products was 97% 
at the nominal discharge of 160 l s-1. This stormwater pretreatment cove-
red the 70-ha catchment area of Jeziorak Mały Lake (puH eKoL 1995). The 
amount of stormwater flowing through the separators depends on monthly 
precipitation in Warmia and Mazury (GrzeSiaK, doMańSKa 1998-2004, 2006).  
The highest mean total monthly rainfall recorded during the study (1997-2003 
and 2005) was 79 mm in summer and 116 mm following torrential rains in 
July (Figure 2).

Periphyton samples were collected monthly from April to October in 
1997-2003 and 2005, from 3 substrates in the littoral zone, and phytoplank-
ton from the pelagic area of Jeziorak Mały Lake: 

Fig. 1. Morphometric map of Jeziorak Mały Lake
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1) periphyton from the separator pipes draining stormwater (S);
2) epilithon accumulated on stone surfaces in 1997 (K);
3) epiphyton from Acorus calamus L. vascular plant leaves (R);
 4)  phytoplankton from the 1 m euphotic area of the pelagic zone, where 

the average water transparency in 1997-2003 and 2005 was 0.80 m (P).
Periphyton was scraped from the pipes, from stones (1 cm2 surface area), 

and from macrophyte leaves (5 cm lengths). The pipes and stones were often 
found to be overgrown with Cladophora glomerata (L.). Kűtzing filamentous 
green algae formed a natural substratum for periphytic algae. The periph-
yton was shaken carefully in distilled water to separate algae from chloro-
phytic thalli, and the remains were scraped from macrophyte leaves with a 
knife. Samples were rinsed and preserved in ethanol and formaldehyde solu-
tion. Phytoplankton samples were collected from a one-meter surface layer of 
the pelagic zone using a 5 l Toń plankton sampler, filtered through a 25 µm 
mesh plankton net, and preserved in Lugol and 4% formaldehyde solution. 
In total, 124 periphyton and phytoplankton samples were collected. The ba-
sic physical and chemical water parameters were measured directly at the 
sampling sites. The water temperature was exactly 0.1oC, the oxygen content 
was measured at 0.01 mg dm-3 using an HI 9143 oxygen meter, and the pH 
and conductivity were 1 and 1500 µS cm-1 as checked with a CONMET 1 
conductometer in situ. In the laboratory, the Spectroquant Merck test and a 
NOVA 400 spectrophotometer were used to determine the following nutrient 
contents: orthophosphates (0.05-5.00 mg dm-3), silicon (0.005-5.0 mg dm-3), 
calcium (10-250 mg Ca dm-3), total nitrogen (0.5-15 mg dm-3), iron (0.05-4.0 mg 
dm-3) and chlorides (2.5-250 mg Cl dm-3).

Phytoplankton and plant periphyton were inspected to determine their 
qualitative and quantitative characteristics under an Alphaphot YS2 optical 
microscope at magnifications of lens 10x, 20x, 40x and 100x. These phy-

Fig. 2. Sum of monthly rainfalls in Warmia and Mazury (mean and standard deviation – SD)  
in 1997-2003 and 2005 (GrzeSiaK, doMańSKa 1998-2004, 2006)
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toplankton and periphyton samples were composed of prokaryotic (cyanobac-
teria) and eukaryotic organisms, including diatoms, chlorophytes, dinoflagel-
lates, chrysophytes, and cryptophytes. Diatoms were prepared following the 
methods of BattarBee (1979). Algal biomass was calculated for bio-volume 
by comparing the algae with their geometric shapes (rott 1981). The mean 
biomass was calculated for 10 individuals of each planktonic and periphytic 
algal species. Counts in 1 ml samples of periphyton and phytoplankton were 
determined in 5000 fields of vision with 200× magnification in each plankto-
nic chamber to account for differences in organism densities and their abun-
dance and biomass expressed in identical, basic 1 cm3 volumes. 

The cyanobacterium abundance and species dominance in phytoplankton 
and periphyton assemblages were correlated with the physical and chemical 
water parameters using non-parametric methods because these data are not 
normally distributed. Relationships were confirmed by calculating the Spe-
arman’s rank correlation coefficient in a Statistica version 8.0, and then with 
canonical correspondence analysis (CCA) to relate water chemistry variables 
to periphyton and phytoplankton dominant species in assemblages. Finally, 
these relationships were presented on a biplots graph using Canoco for Win-
dows 4.5 software.

results 

In this study, the mean proportion of cyanobacteria in total phyto-
plankton in the pelagic zone was 72%, ranging from 60% in 1998 to 88% in 
2003. The share decreased to 66.02% at the separators in the littoral zone, 
ranging from 34.15% in 2000 to 87.48% in 1997 (Figure 3a). A higher mean 
abundance of cyanobacteria occurred in the pelagic zone at 48,522 ind. cm-3 

in 2002, compared to 30,843 ind. cm-3 at the separators in 2003 (Figure 3b). 
Statistically positive correlation was shown between the richness of cyano-
bacteria and both water temperature (r = 0.46, N = 119, p < 0.05) and iron 
concentration (r = 0.57, N = 36, p < 0.05), while negative correlation was 
detected with chlorides (r = -0.38, N = 36, p < 0.05). A rapid increase in 
cyanobacteria was observed in the pelagic zone in June, with 19°C water 
temperature, maximum total nitrogen of 3.5 mg dm-3 and maximum iron 
concentration of 5.13 mg dm-3. The maximum abundance of cyanobacteria 
was noted in July at 49,895 ind. cm-3, when the highest water temperature 
was 25.1°C and the lowest orthophosphate concentration was 0.14 mg dm-3. 
Cyanobacterial abundance at the separators in the littoral zone was 20,534 
ind. cm-3 in July, less than half the abundance in the pelagic zone. The lit-
toral zone had a lower water temperature of 20.3°C but a higher maximum 
chloride concentration of 63 mg dm-3 (Figure 4).

Periphytic algal assemblages had the highest mean abundance for 
periphyton in the pipes (70,535 ind. cm-3) and the lowest for epiphyton 
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(39,821 ind. cm-3), and the highest mean biomass for epilithon (0.226 mg 
cm-3) and the lowest for epiphyton (0.067 mg cm-3). The mean abundance of 
phytoplankton in the pelagic zone was 31,272 ind. cm-3 and its biomass was 
0.065 mg cm-3 (Table 1). Diatoms dominated periphyton (max. 86% - S), and 
cyanobacteria outnumbered phytoplankton in both abundance and biomass 
(73%). Chlorophytes had a significant share in periphyton, with the maxi-
mum percetange of 42% in the epilithon, versus 32% of diatoms and 14% of 
dinoflagellates found in the total phytoplankton. 

The following values were recorded (Table 1):

Fig. 3. Proportion of cyanobacteria in total abundance of phytoplankton (a) and abundance  
of cyanobactera (b) in 1997-2003 and 2005, in the pelagic zone and at sites with separators  

in Jeziorak Mały Lake
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Fig. 4. Changes in abundance of cyanobacteria and water physicochemical parameters  
from April to October in the pelagic zone and at sites with separators in Jeziorak Mały Lake 

(means from 1997-2003 and 2005)

Table 1
Characteristics of periphyton and phytoplankton assemblages and physicochemical parameters 

of water in Jeziorak Mały Lake (means for the 1997-2003 and 2005 period)

Parameters
Pipes  

of separators 
(S)

Stones (K) Macrophytes 
(R)

Pelagic zone 
(P)

Abundance of periphyton/ 
phytoplankton (ind. cm-3)
Biomass of periphyton/ 
phytoplankton (mg cm-3)
Water temp (°C)
Oxygen concentration (mg dm-3)
pH
Conductivity (mS cm-1)
PO4 (mg dm-3)
Si (mg dm-3)
Ca (mg dm-3)
TN (mg dm-3)
Fe (mg dm-3)
Cl (mg dm-3)

70,353

0.175

16.8
8.17
8.85
577
0.41
1.56
136
3.5
2.99
51

65,173

0.226

19.3
8.17
8.87
469
0.56
0.77
103
2.8
4.36
38

39,821

0.067

19.2
8.06
8.98
443
0.24
0.71
97
2.3
4.01
31

31,272

0.065

19.4
10.33
9.30
417
0.32
1.30
82
1.9
3.33
23
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(1)  at the separators, the lowest mean water temperature was 16.8°C, 
and the highest water electrolytic conductivity was 577 mS cm-1; addi-
tional concentration values were determined for silicon (1.56 mg dm-3),  
calcium (136 mg dm-3 ), total nitrogen (3.5 mg dm-3 ) and chlorides  
(51 mg dm-3 ); 

(2)  at sites with stones, the highest mean PO4 and Fe concentrations 
were 0.56 mg dm-3 and 4.36 mg dm-3, respectively;

(3)  in the surface layer of the pelagic zone, the maximum pH values 
were recorded at 9.3, with 10.33 mg O2 dm-3 of oxygen concentration.

Changes in periphytic assemblages as well as in the phytoplankton 
abundance and biomass occurred at different orthophosphate concentrations 
during 1997-2003 and in 2005 (Figure 5a-c). Similar algal dynamics was ob-
served in periphyton sampled from the separator pipes and epilithon. Altho-
ugh the maximum abundance of epilithon (134,644 ind. cm-3) and maximum 
biomass of both periphytic assemblages (0.648 mg cm-3 and 0.521 mg cm-3, 
respectively) were recorded in 1997, a rapid decrease occurred thereafter. 
The maximum abundance of periphyton in the pipes was 135,177 ind. cm-3 

in 2000, at the highest orthophosphate concentration of 0.68 mg dm-3. Chan-
ges in PO4 levels during the study were similar to the changes recorded for 
periphyton abundance in the separator pipes. Similar dynamics of algal gro-
wth were noted between epiphyton and phytoplankton, with the maximum 
abundance in 2001. 

The following diatom species dominated periphytic assemblages: Na-
vicula gregaria Donkin, Nitzschia frustulum (Kützing) Grunow and Gom-
phonema olivaceum (Hornemann) Brébisson. In turn, the cyanobacterium 
Planktolyngbya brevicellularis Cronberg & Komárek dominated phytoplank-
ton. Diatoma vulgaris Bory dominated periphyton biomass in the separator 
pipes and epilithon; and the epilithon contained the filamentous chlorophytes 
Ulothrix tenuissima Kützing and Stigeoclonium sp. 

Some correlations between counts of dominant species and water physi-
cochemical parameters were statistically significant at p < 0.05):

(1)  G. olivaceum: a positive correlation with water temperature (r = 0.42) 
in separator pipes, and with PO4 and Si (r = 0.52 and r = 0.57) in 
epilithon;

(2)  F. leptostauron var. martyi: a positive correlation with Si and PO4  
(r = 0.59 and r = 0.40) in separator pipes;

(3)  D. vulgaris: a positive correlation with TN in epilithon (r = 0.59) and 
a negative correlation with PO4 (r = -0.61) in separator pipes;

(4)  N. gregaria: a positive correlation with oxygen (r = 0.40) in epiphyton;
(5)  N. frustulum: a negative correlation with PO4 (r = -0.69) in epiphyton;
(6)  A. gracile: a positive correlation with pH and TN (r = 0.71 and  

r = 0.58), L. redekei: with conductivity (r = 0.64), and Peridinium 
inconspicuum and Cryptomonas erosa: with water temperature  
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(r = 0.62 and r = 0.59) and negatively correlated with PO4 (r = -0.62 
and r = -0.64) in phytoplankton.

The periphyton and phytoplankton CCA also showed significant rela-

Fig. 5. Relationships between the abundance (a) and biomass (b) of periphyton 
assemblages (S – periphyton in separator pipes, K – epilithon, R – epiphyton) and 
phytoplankton (P) and orthophosphates (c), at these sites in Jeziorak Mały Lake 

in 1997-2003 and 2005
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tionships between dominant species and the physicochemical parameters of 
water (Figure 6).

The statistical analysis used a dataset of 124 samples, 14 dominant spe-
cies and 9 environmental variables, with the first axis accounting for 49% of 
the total periphyton species variation in separator pipes, 50% for epilithon, 
55% for epiphyton, and 53% for phytoplankton. In the separator pipes, F. 

leptostauron var. martyi correlated with PO4 and G. olivaceum – with water 
temperature. In addition, conductivity promoted the occurrence of D. vulga-
ris. Correlations were found between D. vulgaris and TN , and G. olivaceum 
and Si and PO4 in the epilithon, while N. gregaria correlated only with oxy-
gen in epiphyton. In phytoplankton, A. gracile correlated with pH, L. redekei 

Fig. 6. Biplots of the canonical correspondence analysis (CCA) showing the relationships be-
tween dominant species in the periphyton assemblages (S – periphyton in separator pipes,  
K – epilithon, R – epiphyton) and phytoplankton (P) and the physical and chemical water  

parameters. (cond. – electrolytic conductivity)
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with conductivity, and Peridinium inconspicuum and Cryptomonas erosa 
with water temperature. 

discussion

The phytoplankton studies in 1978 showed that Jeziorak Mały was a 
polytrophic lake, where cyanobacteria dominated, making up over 90% of 
the total phytoplankton biomass in summer (SpodniewSKa 1986). Before the 
implementation of protective and restoration measures in the pelagic zone in 
1996, the average percentage of cyanobacteria was above 90% (zęBeK 2009), 
thereafter decreasing to 72% in 1997-2003 and 2005, when stormwater was 
pretreated by the separators. The share and abundance of cyanobacteria 
were lower at the separator sites than in the pelagic zone over this period. 
According to GuzKowSKa, GaSSe (1990), stormwaters environmentally shock 
the algal growth, especially diatoms, suggesting that cyanobacteria in Je-
ziorak Mały Lake response to separator-treated stormwater. Analogously to 
other examinations on urban lakes (BoBin et al. 1989), the impact of storm-
waters could be related to precipitation levels, especially in summer, when 
the highest sum of monthly rainfalls was recorded around this lake.

The mass cyanobacterial growth depends not only on water tempera-
ture, nutrient resources, the degree of exposure to wind and water mixing, 
phosphorus resuspension from sediments and iron accessibility (reynoLdS 
1984, BerMan-FranK et al. 2007), but also on the specific iron, nitrogen, and 
phosphorus ratio (BurcHardt et al. 2007). In this study, high water tem-
perature and iron concentration affected the cyanobacterial growth in the 
pelagic zone, as supported by the positive correlation between the abundance 
of these microorganisms and the said water parameters. Additionally, the 
water temperature of 19°C was identified as the treshold temperature for cy-
anobacterial growth in the lake, i.e. the temperature at which the abundance 
of these prokaryotic organisms begin to grow most rapidly (zęBeK 2005). The 
chemical composition of water changed abruptly with a rapid decrease in 
PO4, TN and Fe after cyanobacteria attained the maximum number at water 
temperatures above 19°C, suggesting that the cyanobacterial development is 
affected by interrelated Fe, TN, and PO4 concentrations in addition to being 
dependent on the water temperature. 

As observed in other urban lakes, the influence of stormwater flowing 
through Jeziorak Mały Lake from the separators is so strong that it environ-
mentally shocks aquatic organisms, including cyanobacteria. The changes in 
water quality in urban lakes are often rapid and extreme because of inflows, 
which vary in quantity, chemistry and seasonality. This situation is exacer-
bated by unpredictable occurrences such as building construction and road 
salting in surrounding catchments (GuzKowSKa, GaSSe 1990). Disturbances in 
the cyanobacterial biomass growth are also caused by environmental stress, 
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including decreased water temperature and strong mixing (BoBin et al. 1989, 
BurcHardt, pawLiK-SKowrońSKa 2005, Vincent et al. 2014), as well as the in-
flux of chlorides after winter. In this study, the cyanobacterial abundance re-
corded at the separators was half that of the pelagic zone because of the low-
er temperatures from cooler catchment waters and severe water disturbances 
at the separators. Additionally, the high Cl concentration induced stress in 
cyanobacterial growth. The stormwater flow from the catchment affected the 
growth of both cyanobacteria and other algae (BoBin et al. 1989) e.g. periph-
yton assemblages. In this study, the separators supported the most varied 
environmental conditions compared to the other sites (GuzKowSKa, GaSSe 
1990, Vincent et al. 2014), including the lowest mean water temperature, the 
highest water electrolytic conductivity and the highest concentrations of Si, 
Ca, TN, and chlorides. Thus, the flow of polluted stormwater from the catch-
ment area significantly affected the lake water chemistry. Beside increased 
nutrient concentrations, rainwater had also high levels of Pb, Cu, Zn, Cd, 
heavy metals and other chemical elements (SzpaKowSKa et al. 2014, SapeK 
2014, zęBeK 2014). Different changes occurred in the abundance and biomass 
of periphytic assemblages and phytoplankton related to the PO4 concentra-
tion in 1997-2003 and 2005. Periphyton in the separator pipes and epilithon 
had similar maximum biomasses, unlike the previously rapid decrease in 
its abundance and biomass after the separators had been installed. Hence, 
stormwaters flowing through the separators meant creating environmental 
conditions similar to those in the pelagic zone and sites with macrophytes, 
with differences in the algal dynamics resulting from the limited influence of 
separator-treated stormwater in deeper waters. 

After the separators in Jeziorak Mały Lake began operating in 1997, 
the dominant cyanobacterium species in phytoplankton changed from Lim-
nothrix redekei to Plaktolyngbya brevicellularis, similarly to other eutrophic 
lakes (cronBerG, KoMareK 1994, zęBeK 2005). The periphytic assemblages 
were dominated by species from genera typical of natural and artificial 
substrata in eutrophic lakes such as diatoms Diatoma spp., Fragilaria spp., 
and Gomphonema spp., Cocconeis spp., and also filamentous chlorophytes 
Stigeoclonium sp. and Ulothrix sp. (BoHr, MiotK 1979, daniLoV, eKuLand 
2001, joBGen et al. 2004, raeder et al. 2010). The periphyton assemblag-
es in the separator pipes, epilithon, and epiphyton were dominated by N. 
gregaria, N. frustulum, and G. olivaceum diatoms. In addition, N. gregaria 
grew well in the separator pipes because of its mobile form classified as an 
α-meso-saprobe, which tolerates large amounts of organic matter (zęBeK et 
al. 2012). The CCA showed that changing environmental conditions caused 
differences in environmental preferences of the dominant and accompany-
ing taxa in the periphytic and phytoplankton assemblages. The periphytic 
species F. leptostauron var. martyi, G. olivaceum, and D. vulgaris preferred 
nutrient-rich waters with high concentrations of Si, and PO4, and TN in the 
separator pipes and epilithon. The low water temperature at the separator 
pipes is another factor stimulating the growth of G. olivaceum. However, the 
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planktonic species preferred high water temperature, pH and conductivity. 
Moreover, the negative correlation of D. vulgaris in the separator pipes, and 
P. inconspicuum and C. erosa in the pelagial with orthophosphates may in-
dicate intensive uptake of this nutrient by these species. 

In conclusion, stormwater significantly influenced the development of 
phytoplankton and periphyton by changing the environmental conditions in 
Jeziorak Mały Lake, and this led to the reconstruction of the structure and 
function of the analyzed algal assemblages, with the stronger influence in 
the littoral than in the pelagic zone. These results highlight the response of 
planktonic and periphytic algal trophic indicators to stormwater, domestic 
runoff and sewage, as well as the possibilities to limit toxic cyanobacterial 
blooms in shallow lakes. These findings are especially important because a 
massive growth of cynaobacteria is threatening to the water quality of urban 
water bodies worldwide. As demonstrated by this study, stormwaters also 
influence the growth of these prokaryotic organisms by changing environ-
mental conditions, such as decreasing water temperature and increasing Cl 
concentration. These results suggest that the above phenomenon should be 
incorporated in future management strategies for urban lakes. 
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Abstract

The material for investigations was composed of samples of tissues and internal organs of 
20 birds. The aim of the work was to analyze the mercury distribution in tissues and organs 
of wild birds. The following body organs were sampled: chest muscles, femoral muscles, heart 
muscle, bones, intestines, liver, kidney, lungs, gizzard, the mucosa of the stomach and brain. 
The content of mercury in the samples was determined by the method of atomic absorption 
spectrometry (AAS). Based on the results and supported by the relevant literature, certain re-
gularities emerged in the distribution of mercury in tissues and organs of wild birds. The organs 
with the highest accumulation of mercury were the kidney, liver, cardiac muscle and skeletal 
muscles. The smallest concentration of mercury appeared in the lungs, bones and the brain. The 
distribution of mercury depended on the tissue, indicating that the alimentary tract is the main 
gate through which mercury penetrated into birds’ organisms, in a way corresponding to their 
eating prefences. The highest concentrations of this element were ascertained in the little grebe 
feeding on aquatic organisms and small fish. The lowest concentrations of mercury appeared in 
town-dwelling pigeons.
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introduction

Rapid development of civilisation which ignores the principles of susta-
inable development has contributed to the creation of technologies devoid of 
the so-called clean and zero-waste production. The consequence is environ-
mental pollution with chemical substances on both the local and global scale. 

Mercury is an extremely toxic element, although cases of mercury poiso-
ning are only sporadically reported. In the past, it was used in the past as 
an active ingredient in ointments, parasiticidals, antiseptics, disinfectants, 
diuretics and fungicides. Mercury can be a source of environmental conta-
mination when present in seed dressing fungicides, anti-slime fungicides in 
the pulp and paper industries, by-products of burning coal, mine tailings and 
waste from chlorine and alkali industries 

Mercury compounds which are able to migrate to all elements of the 
natural environment, including terrestrial and aquatic food chains, are the 
most dangerous. The use of mercury fungicides in agriculture has contribu-
ted to the accumulation of mercury in soils. Seed dressing enriched soils with 
ca 10 g Hg ha-1. Plant contamination with mercury in croplands was small. 
Seed-eating birds are occasionally affected by toxic mercury after feeding on 
mercury fungicide treated seed. Contamination of granivorous food chain 
was first noticed in the 1950s in Sweden, when various bird species had di-
sappeared: pigeons, pheasants, partridges and others (BorG 1958, LindBerG, 
odSjö 1983).

The second link in this terrestrial food chain was composed of diurnal 
and nocturnal birds of prey like e.g.: the kestrel, white-tailed eagle, peregri-
ne falcon, goshawk and the eagle owl. Birds of these and other species died 
or lost reproductive abilities due to the thinning of egg shells and breaking 
eggs by nesting birds. In many regions of Sweden, kestrels were almost 
extinct and the number of peregrine falcons and goshawks markedly declined 
(BorG et al. 1970). During the period when alkyl mercury was used in agri-
culture in Sweden (1940-1966), elevated mercury levels were reported among 
many of the common prey species of the peregrine. Samples of pigeons, i.e. 
wood pigeons, feral pigeons and stock dove (Columba oenas), from 1956-63 
averaged 10.6 ppm w.w. in mixed kidney-liver tissues, corresponding to a 
level of about 3.5 ppm w.w. in muscles assuming the ratio between muscles 
and liver kidney of 0.3 (BorG et al. 1970).

Mercury levels in food webs in southern Sweden were at least 25 times 
higher during that period compared with residues in 1976-1977. Correspon-
ding high levels were also found in peregrines and the concentrations were 
probably so high that they lowered both reproduction and survival (LindBerG, 
odSjö 1983). The sex of a bird can, in principle, affect exposure to and accu-
mulation of mercury.

One conventional explanation for the sex differences in mercury burden 
suggests that female birds should have lower concentrations than conspecific 
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males, because breeding females can depurate methylmercury to their eggs. 
It is true that eggs of several birds from aqueous reservoirs should not be 
eaten by sensitive humans due to high levels of mercury (eicHLer 1982, Bur-
Ger et al. 1997).

Mercury, which is eliminated from the female via egg laying, has been 
reported to cause abnormal egg laying behaviour, impaired reproduction, 
slowed duckling growth and altered duckling behaviour in mallard ducks 
(KHera 1979, woLFe et al. 1998, Heinz, HoFFMan 2003, BurGeSS, Meyer 2008) 
Ingested mercury is rapidly absorbed by the intestinal tract and stored in 
the kidney and liver. A similar situation was also observed in other areas 
(LindBerG, odSjö 1983). 

Mercury also enters aquatic food chains with industrial waste waters 
and surface runoff from fields. It accumulates in subsequent links of food 
chains leading to a situation when its concentration in tissues of piscivo-
rous birds goes up to a level that would be lethal to granivorous field birds 
(ScHeuHaMMer et al. 2009).

Most of the mercury in birds is in the form of methylmercury and comes 
from the diet. Although the consumption of fish is the main pathway for me-
thylmercury in humans, for there are few people who eat piscivorous birds, 
such as fish-eating seabirds and ducks (e.g., mergansers), this is a potential-
ly significant source of mercury exposure. Granivorous game birds such as 
doves, quail and pheasants tend to have low mercury levels and pose a small 
threat to a human consumer (ScHeuHaMMer 1987, woLFe et al. 1998, BraSSo, 
criStoL 2008, ScHeuHaMMer et al. 2009) 

Even doves that have fed on hazardous waste sites, such as the con-
taminated lakebed of Par Pond, a Superfund site in South Carolina, have 
accumulated little mercury (BurGer et al. 1997).

This study was aimed at determining the distribution of mercury in 
tissues and internal organs of wild birds. It was part of a study on mercury 
transformation in birds and on critical accumulation of mercury in these 
animals. The study will facilitae an assessment of the environmental loading 
by this heavy metal because of the direct dependence of wild birds on local 
food resources. 

material and methods

The material consisted of samples of tissues and internal organs of 20 
birds. The birds died when crashed against the walls of the Palace of Culture 
(16 individuals) or were found dead in other places of Warsaw (4 individu-
als). Collected individuals represented the following species: the song thrush 
Turdus philomelos Brehm 1831(6 birds), the woodcock Scolopax rusticola 
Linnaeus, 1758 (3 birds), the kestrel Falco tinnunculus Linnaeus, 1758  
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(3 birds including one chick), the blackbird Turdus merula Linnaeus, 1758  
(2 birds). The great spotted woodpecker Dendrocopus major Linnaeus, 1758, 
the feral pigeon Columbia livia forma urbana, Gmelin, 1789, the icterine 
warbler Hippolais icterina Vieillot, 1817, the crow Corvus corone Linnaeus, 
1758, the skylark Alauda arvensis Linnaeus, 1758, and the little grebe  
Tachybeptus ruficollis Pallas, 1764, were represented by one bird each. Pec-
toral muscles, femoral muscles, heart, bones, intestines, liver, kidney, lungs, 
gizzard, stomach mucus and brain were taken for analyses. Until analyses, 
the material was stored in a refrigerator at -21°C. 

The content of mercury in studied samples was analysed with atomic 
absorption spectrophotometry (AAS) using an automatic mercury analyser 
AMA-254 made by the Czech firm Altec. The apparatus works on the basis of 
atomic absorption spectrophotometry and is controlled by the AMA computer 
software. The method consists in measurements of the absorption spectrum 
of a lamp with a mercury cathode. The sensitivity is 0.01 ng Hg and the me-
asurement range is from 0.05 to 600 ng. The maximum weight of a sample 
should not exceed 300 mg. 

Concentrations of mercury in analysed samples are given in mg per  
1 kg of tissue mass. Each analysis was triplicated and the result is a mean 
of three measurements. The apparatus was calibrated with the solution of 
polarographically pure mercury in 2% HNO3. Arithmetic mean, standard de-
viation, minimum and maximum values were calculated and obtained results 
were statistically processed using Statgraphic 4 + computer package. 

results and discussion 

Concentrations of mercury in samples of tissues and organs varied sub-
stantially both across tissues and bird species (Table 1) and were related to 
the feeding habits of birds. High standard deviation from the mean was ma-
inly the result of extremely high mercury concentrations noted in practically 
all tissues and organs of the little grebe. 

Irrespective of the bird species, concentrations of mercury in analysed 
tissues decreased in the following order: kidneys, liver, heart muscle, pec-
toral muscles, intestines, femoral muscles, gizzard, lungs, brain, bones and 
stomach mucus (Table 1). 

Absolute amounts of mercury depend on a bird’s feeding habit, but 
within the distinguished groups there were interspecific differences. The lo-
west mercury concentrations were found in omnivorous birds, which, due to 
specific urban conditions, included also the feral pigeon, a granivorous bird 
when feeding in the wild. Relatively low mercury concentrations were noted 
in the birds of prey represented here by three kestrels (including one chick). 
Low tissue contamination by mercury in these birds is understood since they 
all were relatively young (adult kestrels were no more than one year old). 
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Age has a limited effect on mercury concentrations in the birds’ tissues. 
Mercury accumulated in internal tissues is excreted into the feathers and 
eliminated in the moult period. It is a way to remove mercury from a bird’s 
body. However, most studies quoted by Stewart et al. (1997) found that mer-
cury concentrations in adults were higher than in chicks or subadults. 

Distinct differences in mercury contamination were found among birds 
feeding on invertebrates. The lowest concentrations of Hg were found in the 
song thrush (Turdus philomelos) and the highest – in woodcocks (Scolapax 
rusticola). There were several reasons for such differences. First, the diet of 
the song thrush is composed mainly of insects and berry fruits while wood-

Table 1
The content of Hg in tissues and internal organs of wild birds (mg kg-1 fresh weight)

no. Bird species 
Pec-
toral 
mus-
cles

Fem-
oral 
mus-
cles

Heart Bone Intes-
tines Liver Kid-

ney Lungs Giz-
zard

Stom-
ach 
mu-

cosus
Brain

1 turdus philomelos 
Turdus philomelos melos 0.004 0.003 0.006 0.005 0.010 0.018 0.019 0.004 0.003 0.002 0.004

2 turdus philomelos 0.003 0.005 0.004 0.001 0.010 0.012 0.014 0.004 0.003 0.004 0.002

3 turdus philomelos 0.005 0.009 0.016 0.003 0.014 0.015 0.029 0.002 0.003 0.013 0.008

4 turdus philomelos 0.001 0.002 0.002 0.002 0.019 0.011 0.045 0.011 0.007 0.014 0.004

5 turdus philomelos 0.002 0.004 0.013 0.004 0.006 0.050 0.053 0.009 0.007 0.009 0.014

6 turdus philomelos 0.001 0.001 0.002 0.002 0.018 0.032 0.023 0.006 0.003 0.006 0.006

7 Tachybeptus ruficolis 0.704 0.454 1.331 0.088 0.783 1.094 1.498 0.619 0.992

8 falco tinnunculus 0.016 0.011 0.010 0.004 0.033 0.052 0.022 0.019 0.012 0.015

9 falco tinnunculus 0.041 0.030 0.095 0.004 0.094 0.094 0.056 0.001 0.025

10 falco tinnunculus 0.001 0.000 0.001 0.000 0.000 0.001 0.002 0.001 0.001 0.000

11 columbia livia 0.000 0.000 0.000 0.002 0.000 0.000 0.001

12 hippolais icterina 0.082 0.079 0.101 0.002 0.041 0.118 0.165 0.080 0.058 0.041 0.060

13 turdus merula 0.004 0.003 0.007 0.003 0.006 0.021 0.053 0.003 0.010 0.006 0.004

14 turdus merula 0.013 0.012 0.014 0.006 0.026 0.064 0.052 0.025 0.018 0.029

15 corvus corone 0.001 0.002 0.002 0.001 0.001 0.005 0.004 0.001 0.002 0.001

16  Dendrocopus major 0.007 0.010 0.008 0.002 0.005 0.010 0.009 0.006

17 alauda arvensis 0.002 0.004 0.003 0.002 0.006 0.009 0.006 0.004 0.004

18  scolopax rusticola 0.030 0.015 0.059 0.125 1.377 0.141 0.055 0.043

19 scolopax rusticola 0.427 0.483 0.421 0.022 0.958 0.027

20 scolopax rusticola 0.129 0.099 0.185 0.016 0.208 0.020 0.354 0.255 0.148

Mean 0.074 0.061 0.114 0.009 0.078 0.158 0.192 0.064 0.069 0.013 0.024

Standard deviation 0.177 0.142 0.303 0.020 0.184 0.384 0.398 0.151 0.238 0.013 0.041

Maximum 0.704 0.483 1.331 0.088 0.783 1.377 1.498 0.619 0.992 0.041 0.148

Minimum 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.001 0.001 0.001 0.000
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cocks feed mainly on earthworms and other soil invertebrates. The origin 
and age of a bird are also important. The woodcock most severely conta-
minated with mercury was an adult bird banded in France, where loads of 
chemicals in agriculture and industries (and hence the environmental conta-
mination) are incomparably higher than in Poland. 

In agreement with the current knowledge of mercury cycling and trans-
formation in aquatic ecosystems, the highest concentrations of mercury were 
found in the little grebe (Tachybeptus ruficollis), a bird feeding on aquatic 
organisms including small fish. Mercury concentration in muscles, liver and 
kidneys of this bird were by two orders of magnitude higher than in birds from 
terrestrial ecosystems. Similarly high were mercury concentrations in other 
tissues and organs. It has been thus confirmed that mercury accumulates in 
a trophic chain and that mercury in food is the most important source of con-
tamination by this metal in natural conditions (KHera 1979, LindBerG, odSjö 
1983, ScHeuHaMMer 1987, BurGeSS, Meyer 2008). Fish selectively accumulating 
mercury in their muscles are the source of contamination for the little grebe.

A very strong correlation was affirmed between the concentrations of 
mercury in individual tissues and organs, except the accumulation of mer-
cury in the osseous tissue, which was independent from the rigors of this 
element in soft tissues (Table 2)

Table 2
The correlation coefficients among mercury concentrations in tissues and organs

Tissues, 
organs

Femoral 
muscles Heart Bones Liver Gizzard Stomach 

mucosa Intestine Kidney Lungs  Brain

Pectoral 
muscles 0.99** 0.99** - 0.24 0.93** 0.99** 0.94** 0.90** 0.95** 0.99** 0.98**

Femoral 
muscles - 0.99** - 0.25 0.93** 0.98** 0.95** 0.90** 0.94** 0.98** 0.98**

Heart  - - 0.18 0.94** 0.98** 0.95** 0.87** 0.95** 0.97** 0.99**

Bones - -0.13 - 0.24  - 0.36 - 0.50 - 0.19 - 0.28 -0.19

Liver - 0.93** 0.87** 0.79* 0.93** 0.94** 0.97**

Gizzard - 0,85** 0.87** 0.98** 0.99** 0.98**

Stomach 
mucosa - 0,95** 0.95** 0.96** 0.95**

Intestine - 0.82* 0.92** 0.86**

Kidney - 0.96** 0.96**

Lungs -  0.98**

Explanations: * correlation coefficient for two variables rxy significant at p < 0.05, ** correlation 
coefficient rxy significant at p < 0.01
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Earlier studies on mercury contamination of the skin and feathers of 
wild birds led to a hypothesis that periodical shedding of feathers enables 
birds to remove mercury excess from the organism. Data relating Mg feather 
levels to hatchability are more scanty, but in some species reduced hatching 
was observed in the 5-10 ppm range, while in others the levels of 40-70 ppm 
in feathers were associated with lowered reproduction (adLey, Brown 1972, 
eiSLer 1987). Using 5 ppm in feathers as a criterion level, Burger and Go-
chfeld (1997) reported that the common loons were at considerable risk with 
an average feather mercury level of 10 ppm

conclusions 

Based on the results and literature data, some regularities may be seen 
in the distribution of mercury in tissues and organs of wild, free-living birds. 

1. Kidneys, liver, heart and skeleton muscles are the organs of largest 
mercury accumulation.

2. The lowest mercury concentrations are characteristic of lungs, bones 
and brain.

3. Distribution of mercury in birds’ tissues in relation to feeding behavio-
ur indicates that the alimentary tract is the main port of entry for mercury 
into birds’ organisms.

4. The piscivorous little grebe was the most severely contaminated with 
mercury, while the granivorous feral pigeon was the least affected.
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