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Alicja Pecio, Paweł Mikołowicz

THE CONSEQUENCES OF SOIL MINING FROM POTASSIUM STOCK

Mariusz Fotyma

Institute of Soil Science and Plant Cultivation – State Research Institute, Pulawy

Abstract
In the paper the results of laboratory investigations on the content of different
pools of potassium in strongly differentiated soils are presented. The soil samples
originate from the long-term experiments with potassium fertilization carried on
in nine Central-Eastern European Countries. Soil samples were collected from
two treatments, without and with potassium fertilization and from two soil layers
0-25 cm and 25-50 cm. The analysis concern the immediately available, readily
available, slowly available and two operational forms of structural potassium.
The factor which influenced the most the content of all pools, except immediately
available one, of potassium was soil texture. The changes in the content of structural
potassium matches perfectly well the offtake of this element in the control treatment.
In the long-term experiments the balance between different pools of potassium is
established independently of fertilizers application.
Key words: long-term fertilization experiments, potassium pools, potassium
balance
Introduction
Potassium is the seventh most abundant element in the world’s crust comprising
on average 2,8 % of it [Encyclopedia 2008]. The median concentration of potassium
in mineral soil is 1,4%, ranges between 0,01 – 3,7% [Essington 2004, p7] and,
hence it is the fourth or fifth the most abundant element but the first among the
plant nutrients. The enrichment ratio, i.e. the relation between K in soil and K in
earth crust, for potassium is 0,67 and it is similar to the one for another important
plant nutrient, phosphorus. The most important, potassium bearing minerals are
primary aluminosilicates (feldspars, biotite and micas- muscovite) and secondary
aluminosilicates called phyllosilicates. The last group of minerals is formed either
through weathering the primary minerals or through the precipitation of secondary

Mariusz Fotyma

6

silicates [Essington 2004, pp. 56-80]. Phyllosislicates and associated clay minerals
play the most important role in the soil processes governing the availability of
potassium for plants. Secondary clay minerals make up the greatest part of clay
fraction of the soil characterized by particle less then 0,002 mm and, hence soils rich
in clay fraction are generally abundant in potassium.
Researches on potassium in agriculture, concerning soil are as a rule based on
conceptual approach [Romheld, Kirkby 2010, Syers 1998, Fotyma 2009]. In this
approach, four forms or pools of potassium have been distinguished [Fig. 1]. The
pivotal role in plant nutrition plays the potassium in soil solution. This pool represents
only up to 5% of the average plant demand for this element and not more than 0,1
– 0,2% of the total content of potassium in the upper soil horizon [McLean,Watson
1985]. However, this pool is very quickly, practically immediately replenished from
the other pools, mainly from the exchangeable potassium pool. The exchangeable or
readily available potassium refers to the form of this element reversibly adsorbed on
the edges of soil secondary minerals making up about 1-2% of the total potassium.
Non-exchangeable or fixed potassium pool is slowly available for plants but
represents a considerable 1 – 10% share of the total amount of this element. This
form of potassium is adsorbed on wedge sites of secondary clay minerals, showing
selectivity for potassium ions [Mengel, Kirkby 2001]. The remaining pool called
structural or lattice potassium is held in the structure of the primary soil minerals,
feldspars and micas and becomes available for plants throughout very slowly running
weathering processes.

K exchangeable
(readily available)
K exchangeable
(readily available)

K in soil solution
K in soil solution
(idiately
avail) (immediately

K structural
available )
K(not
structural

(not available)

available)

K fixed
K fixed
(slowly
(slowlyavailable)
available)

Fig. 1. Conceptual approach, forms (pools) of potassium in soil
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Conceptual approach is based on the recognition of soil mineralogy and potassium
transformation processes going on in the soil. These, more theoretical topics are,
however outside the scope of this paper and are broadly discussed also in textbooks
[McLean, Watson 1985]. Independently, of theoretical and conceptual approaches,
analytical or operational approach is very important. It means determination of the
potassium forms, showed on figure 1 by appropriate analytical procedures. The main
problem in determining the pool of K in soil solution is obtaining the representative
samples of this solution. Soil solution is separated either from fresh or dried soil
samples by pressing, centrifuging and displacing methods [Łabętowicz 1995].
All these methods are time-consuming and the results are often not fully reliable.
A substitute is soil extraction with the water or very weak solution of neutral salts, e.g.
0,01 mol· dm-3 CaCl2. The concentration of potassium in such extracts is, as a matter
of fact, higher than in soil solution but both amounts are highly correlated [Ende van
den 1989]. Exchangeable potassium is commonly determined in neutral ammonium
acetate or ammonium nitrate [Johnston 2007]. However, in practical agriculture
more often used is a term available potassium, which, besides the exchangeable one,
includes its concentration in a number of various well accepted extractants, like Egner
Dl, Mehlich II and III, Olsen and many others. All these available forms correlates
closely each with other and the differences in sensitivity of various extractants are
only marginal [McLeon, Watson 1985]. Determination of fixed potassium is more
problematic than the exchangeable one and several methods are proposed here
[Martin, Sparks 1985]. The most common are methods using strong acids, especially
boiling nitric acid HNO3. Structural or lattice potassium is determined either by the
roentgen spectrograph or by fusion of soil with sodium carbonate. Such analyses of
agricultural soils are made only occasionally due to unavailability of this potassium
form for plants. Occasionally, in agricultural and environmental researches so called
seemingly total potassium is, however, determined. Here, the difference between
conceptual and operational approaches is particularly evident. Seemingly total
potassium corresponds to its content in extract of Aqua Regiae, i.e. mixture of boiling
nitric and sulphuric acids. The content of seemingly total potassium lies somewhere
between the total and fixed ones.
The world potassium reserves and resources are enormous. The reserves,
understood as a high-quality potassium ores which are or could be exploited
economically at today’s prices are estimated at 9,5 billion tons, with production in
2010 being 33 million tones. At the present world consumption rate, it suffices for
the next 300 years. The resources which include reserves and other ores potentially
liable to exploitation are estimated to be about 250 billion tones, which will last for
many millennia [Johnston 2009]. In Europe, the consumption of potassium fertilizers
reached its peak of about 6 million tones of K2O in the 70ties and 80ties of the
XX century and is decreasing ever since to about 3 million tones in the last decade
[Fertilizer Europe 2011]. This amount does not cover potassium removal with plant
yields and its losses by leaching to the ground water and therefore, soils are regularly
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mined from the natural K resources. The consequences of this process for the soil
fertility and plant nutrition are not yet fully recognized.
The main aim of researches, which preliminary results are presented in this
paper, is to estimate the long-term consequences of soil mining from potassium
reserves on the content of distinguished (Fig. 1) pools of this element.
Materials and methods
The researches have been carried on in scope of the project KALIFERT launched
and financed by the Ministry of Higher Education and Science of Poland and in
collaboration with 10 Central-Eastern European countries, belonging to MOEL
group. MOEL (Mttelosteuropaische Lander) is a kind of informal consortium of 10
countries established in 1998 with the aim to exchange information and harmonize
activities of the agrochemical laboratories in these countries. MOEL group has
established links with German VDLUFA (Verband Deutscher landwirtschaftlicher
Untersuchungs-und Forschungsanstalten). So far, activities and achievements of this
group have been presented by [Loch 2009].
In each country at least one or more long-term fertilizers experiments, including
treatments with and without potassium, fertilization has been selected. In 2010 soil
samples from these treatments and from two soil layers 0-25(30) cm and 25(30)50(60cm) were collected, dried and sieved through 2 mm sieve. Soil samples have
been delivered to the Institute of Soil Science and Plant Cultivation – State Research
Institute at Puławy, Poland and analyzed for several constant and labile traits
including pools of potassium. The characteristics of the experimental sites, including
constant soil traits are presented in table 1.
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Table 1. Characteristics of experimental sites
Country

Site

Austria

Grabenegg
Fuchsenbigl
Jaromerice
Svitavy
Lipa
Chrastava
Puste Jakartice
Lednice
Uhersky Ostr
Żatec
Kuusiku
Speyer
Reinshoff
Putnok
Karcag
Skrivieri
Noreikiskes
Skemiai
Łyczyn 1**
Łyczyn 2**
Skierniewice 1
Skierniewice 2
Wierzchucin A
Wierzchucin B
Grabów
Baborówko
Bałcyny
Tomaszkowo
Viglas
Bahon

Czech
Republic

Estonia
Germany
Hungary
Latvia
Lituania
Poland

Slovak
Republic
Average

Soil category1
0-25
25-50
cm
cm
V.heavy V.heavy
Heavy
Heavy
V.heavy V.heavy
Heavy
Heavy
Heavy
Heavy
Heavy
Heavy
V.heavy V.heavy
V.heavy V.heavy
Heavy
Heavy
V.heavy V.heavy
Medium Medium
light
Light
Heavy
Heavy
V.heavy V.heavy
V.heavy V.heavy
Light
Light
Light
Light
Medium Medium
Light
Light
Light
Light
Light
medium
Light
medium
Medium medium
Light
Light
Light
Medium
Light
Light
Medium Medium
Light
Light
V.heavy V.heavy
V.heavy V.heavy

% SOM
0-25 25-50
cm
cm
1,42 1,02
1,35 1,24
1,16 0,96
1,04 0,58
1,08 0,48
1,26 0,67
1,00 0,56
1,47 1,00
1,03 0,71
1,85 0,74
1,67 1,52
0,63 0,15
1,00 0,53
1,48 1,52
1,77 1,83
1,47 0,73
1,07 0,31
1,49 0,36
0,48 0,18
0,57 0,17
0,39 0,20
0,45 0,20
0,60 0,56
0,60 0,29
0,57 0,24
0,67 0,43
0,73 0,39
0,46 0,22
1,12 0,61
1,34 0,74
1,04 0,64

% silt 2
0-25 25-50
cm cm
63
65
37
43
58
58
39
41
48
46
54
55
58
60
55
58
42
43
62
65
28
29
18
15
47
49
65
65
68
69
18
18
17
19
29
28
14
15
14
15
16
30
18
28
22
20
16
19
17
24
13
14
25
29
8
11
67
71
62
62
37
39

kg3
K·ha-1
6972
6723
3619
3619
3619
3619
3619
3619
3619
3619
1750
4800
1378
4940
5415
5850
3096
2948
5910
5910
5285
5285
5625
6200
458
458
4304
4706
2384
2384
4055

Balance K kg·ha-1
NPK
NP
treatment treatment
-2640
-167
-2828
-212
-4132
-2556
-2287
-727
-2066
-1601
-2711
-2556
-2556
-2252
-4009
-2801
-4226
-2801
-1886
-702
-1620
-410
-1620
2208
-1714
-215
-4171
485
-6965
-1453
-2176
-95
-3919
-1649
-3838
-1669
-1716
3792
-4577
476
-2880
639
-3505
-1346
-3146
-409
-6077
-3209
-633
-234
-646
-280
-2880
-1090
-1324
1629
-2149
-1018
-1860
-646
-2871
-696

light<20% of silt, medium 20-35% silt, heavy 36-50% silt, very heavy >50% silt,
% particles below 0,02 mm in diameter,
3
kg K∙ha-1 in NPK treatment for the whole period of experiment
1
2

Soil’s texture was differentiated between the countries. Most or all soils from
Austria, Czech Republic, Hungary and Slovak Republic belong to very heavy and
heavy categories, while soils from Estonia, Latvia, Lithuania and Poland fall to
medium and light soil categories. To the depth of 50 cm most soils was homogeneous,
i.e. did not differ in granulometric composition. The content of soil organic matter
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SOM was rather low but depends on soil texture and was strongly correlated with
the silt content. The correlation coefficient between these soil traits was R=0,70 and
R=0,63 for the soil layers 0-25 cm and 25-50 cm, respectively. For each percent
of silt, the content of soil organic matter increased by 0,015 and 0,013%. In the
treatments with NPK fertilization, the balance of potassium was slightly negative,
while in the NP treatments show a high potassium deficit. Potassium balance depends
on the duration of the experiments and the amount of potassium that has been applied
in the NPK treatment.
Soil samples were analyzed for the content of potassium pools specified on
figure1. Analytical methods are summarized in Table 1.
Table 1. Analytical methods used for identifying the potassium pools [Fotyma 2007].
Potassium pool

Method of estimation

Immediately available KH O

Soil/water= 1/5, shaken, left overnight, percolated

Readily available Kex

5 g soil + 50 cml mol·dm-3 ammonium acetate, pH
7, left overnight, percolated

Slowly available Kres

5 g soil + 50 ml mol·dm-3 HNO3, boiled 10 minutes,
percolated

2

Not
available

Seemingly total Ksem

Soil disintegrated in HCL and HNO3 mix,
percolated

Total Ktot

Fluorescence atomic spectrometry

The content of potassium in percolates was measured using flame atomic spectrometry

It is worth noting that each next potassium pool includes also the previous
one, i.e. Kex includes KH O, Kres includes Kex, and so on. For the sake of clarity, each
2
particular form of potassium has been, however discussed separately.

Results
The content and proportions of potassium in different pools
Analysis of variance MANOVA shows that the content of potassium in
distinguished pools depends significantly on fertilization history, soil texture and
depth of soil sampling (Table 2) i.e. on the main factors. Interactions between these
factors have not been, however, proved statistically.
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Table 2. The content of different potassium pools depending on experimental
factors.
Potassium
pool
mg K∙kg-1
soil

Light Medium

Soil level cm

Fertilization

Heavy

V.heavy

0-25

25-50

NP

NPK

26

24

36

66

66

61

71

samples

46

KH2O

14,6ab

17,0b

14,8ab

12,3a

16,8a

12,0b

11,8a

17,0b

Kex

72,2a

122b

135bc

168c

135a

104b

100a

137b

Kres

339a

525b

762c

964d

651a

595a

618a

628a

Ksem

1624a

2903b

4719c

5892d

3513a

3692a

3552a

3640a

14051a 14675b

15360c

15877d

Ktotal extr
*

Soil category

14852a 14968b 14798a 15009b

factors marked by the same letter(s) do not differ significantly (discriminate among the means is
Bonferroni’s multiple comparison procedure).

The factor which most strongly determinates the content of all pools of
potassium, except the immediately available KH O, is a soil category, i.e. the share of
2
silt. The differences in the content of Kex, Kres and Ksem between the light and very
heavy soils are two and three-folds and in the content of total potassium Ktot reaches
almost 15%. The content of immediately available potassium KH O is practically
2
independent of soil category with the tendency to be higher in light and medium,
against heavy and very heavy soils. The content of two accessible to plant’s pools
of potassium (KH O and Kex,) was higher in the upper soil layer in comparison to the
2
subsoil while slowly available Kres and structural pools (Ksem and Ktot) seem to be
more uniformly distributed in the soil profile 0 – 50 cm. Long term application of
potassium fertilizers showed the positive influence on the content of accessible to
plant’s pools of this element. However, the reserve and total potassium content in
the soil got hardly changed in spite of long-term soil mining from this element in the
control treatment.
The different pools of potassium were, in most cases significantly inter-related
(Table 3).

Mariusz Fotyma

12

Table 3. Pearson’s correlation* between different pools of potassium

*

Pools

KH2O

Kex

KH2O

-

Kex

0,57

-

Krez

0,28

0,70

-

Ksem

0,02

0,62

0,86

0,04

Ktot

Krez

0,64

Ksem

-

0,86

0,98

underlined values significant at the P level below 0,01

There is a good correlation between immediately available KH O and readily
2
available Kex potassium and the weaker between KH2O and Kres. No correlation
exists between immediately available and structural (Ksem, Ktot) potassium. Readily
available potassium Kex correlated the strongest with slowly available one Kres and
significantly with the pools of structural potassium. The strongest correlation does
exist between the slowly available and structural potassium and, of course between
both operationally distinguished pools of total potassium. The relationship between
potassium pools was modified by soil texture (Fig. 2).

potassium pool

KH20

0,12
0,1
0,09
0,08
0,51
0,84
0,87
1,05

Kex

light
medium
heavy

2,42
3,61
4,95
6

Krez

v. heavy
11,7

Ksem
0

5

10

19,9

15

20

30,6

25

30

36,8

35

40

% of total potassium

Figure 2. The share of potassium pools in the content of total potassium Ktot.
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potassium pools

The share of all potassium pools in the total potassium content, except the
immediately available pool KH O, increased from the light to very heavy soils. The
2
shares of KH2O, albeit undistinguished in the scale of figure 1, shows the opposite
tendency and was the highest in light soils characterized by the low buffer capacity.
It has been already stated that in the most agricultural researches the seemingly total
instead of “true” total potassium is being estimated. Legitimacy for such approach
had found confirmation in the own research. As results from figure 1 the share of
seemingly total potassium depends considerably on the soil texture and is not constant
in relation to total potassium. Besides, the difference in the content of structural
potassium, both seemingly total and total, between fertilized and not fertilized soils
seems to be hardly quantified (Table 2). Therefore, the share of three accessible to
plant’s pools of potassium against the content of seemingly total potassium have
been calculated as well (Fig. 3).

0,95
0,6
0,33
0,21

K H2O

K ex

2,86
2,8

light

4,37
4,32

medium
heavy

K rez

16,5
16,1

0

5

10

15

18,4

20

v.heavy

21,1

25

% of seemingly total potassium

Figure 3. The share of potassium pools in the content of seemingly total potassium
The situation here is quite different in comparison to figure 2. The share of all
accessible pools of potassium, from the immediately to slowly available ones in the
content of seemingly total element is increasing from the heavy to light soils. It does
not concern, however, the amounts of these forms because the content of seemingly
total potassium, taken as a reference level is much higher in heavy soils.

1189

5375

51935 52224

Krez

Ksem

Ktot

5533

1245

185

207

Kex

34

2476

25-50 offtake

44

0-25

Light soils

10625

1820

307

49

2871

25-50 offtake

54146 54836

10641

2028

370

49

0-25

Medium soils

17649

2638

364

44

3193

25-50 offtake

56875 57227

16759

3068

511

56

0-25

Heavy soils

21358

3284

462

31

25-50

59042 58978

21766

3721

653

46

0-25

3374

offtake

Very heavy soils

The amount of potassium in the control treatment NP in the soil layers 0-25 cm and 25–50
cm, against its offtake with crop yields in this particular treatment, kg K∙ha-1.

KH2O

K
pool

Table 4.
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The amounts of potassium in different pools

The amounts of potassium in different pools have been calculated for the upper
soil layer (0–25 cm) and for the subsoil (25–50 cm) and compared with the quantity
of this element removed with the crop yields (Table 4). Due to the lack of the data
from particular experiments, the soil density had been assumed uniformly at 1,5
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Mg∙m3.
One must be careful interpreting the data in table 4 because the data concerning
the amount of potassium in the soil and concerning the potassium offtake by plants
are not compatibles. The former data refers to the period of soil sampling i.e. at the
end of the experiments while the latter refers to the total uptake of potassium by plants
in the whole experimental period. Unfortunately, soil samples from the beginning of
experiments are unavailable. After all it is clear, that independently of soil texture the
amount of exchangeable potassium Kex in the soils profile 0-50 cm does not suffice
for covering the long-term plant’s requirements for this element. Obviously, this pool
had to be constantly replenished from the pool of slowly available potassium Krez. In
the light soil even this pool in the soil profile 0-50 cm hardly matches the long-term
plant requirements and had to be supplemented from the structural pool of potassium
Ksem. In the medium soil, the amount of slowly available potassium Krez in the upper
soil level is too small against the plant requirements and only the amount in the soil
profile 0-50 cm suffices to fulfill these requirements. In the heavy and very heavy
soils, the upper soil level, 0-25 cm contains enough slowly available potassium to
cover the long-term plant’s requirements for this element. The amount of instantly
available KH2O and easily available Kex, as well slowly available Kres except light
soils, potassium was higher in the upper soil level in comparison to the subsoil. This
regularity does not concern the seemingly total Ksem and total Ktot potassium pools,
which do not differ between the soil levels. It leads to the conclusion that upper level
of arable soils is enriched with plant accessible potassium.
In the treatment with potassium application NPK the situation is somewhat
different (Table 5).
Table 5. The amount of potassium in the fertilized treatment NPK in the soil layers
0-25 cm and 25-50 cm, against its offtake with crop yields in this particular
treatment, kg K∙ha-1.
K pool

Light soils
0-25

*

25-50 offtake

KH2O

75

57

Kex

390

259

Krez

1368

1236

Ksem

6253

Ktot

3724
(3972)

Medium soils
0-25 25-50 offtake
86

66

653

483

4710
(3975)

Heavy soils
0-25

25-50 offtake
4932
(3763)

Very heavy soils
0-25

25-50 Offtake

79

44

69

37

694

464

797

614

2152 1938

3150

2580

3999

3445

7115

10992 11126

17973 18404

22742 22512

53028 53470

55064 55560

58120 58184

60220 59910

5154
(4063)

in parenthesis the total amount of potassium applied in fertilizers during the whole period of
experiments

The total offtake of potassium by plants grown from the beginning of experiments
in NPK treatment is much higher than in the control treatment. The difference on
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behalf of the former treatment, except heavy soils, is 50 – 65%. In the heavy soils,
the difference is close to 100 %, but the representativeness of these soils was rather
low. The amount of potassium applied in fertilizers was higher than its uptake by
plants on light soils only. On medium and heavy soil potassium offtake overweighed
its amount applied in fertilizers. As the consequence plants had to cover some part
of their potassium requirements from the soil reserves. It explains the seemingly odd
fact that the content of slowly available Krez and structural Ksem potassium did not
substantially differ between the control and fertilized treatments (see tables 4 and 5).
However, soils regularly supplied with potassium fertilizers contained a little higher
amount of immediately available, KH O and easily available, Kex potassium. One can
2
therefore conclude that the availability of potassium for the plant increases as a result
of regular fertilizer application.
Discussion
The average content of structural potassium, estimated by fluorescence
atomic spectrometry was 1,49 % which fits perfectly well to the literature date for
the temperate region soils [Essington 2004, p7, Jackson 1964, Sparks 1980]. Not
often encountered in the literature is, however, the strong relationship between the
structural potassium and soil texture. The average content of total potassium increased
from 1,40% in the light soil to 1,59% in very heavy soils. In agricultural research
most commonly analyzed form of structural potassium is its amount extracted with
boiling Aqua Regiae solution, called by the author of this paper the seemingly total
potassium. This form makes on the average about one fifth only of the real total
form of this element. The share of seemingly total in the real total form of potassium
increased from the light to the heavy soils and in the previous ones constituted only
11%. This is in agreement with the former research of Fotyma [2009], who in soils
of Poland, light in prevalence estimated the share of seemingly total potassium at
about 11% of the structural one. Due to the unavailability of structural potassium for
plants, the shares of other pools were linked with the seemingly total and not with
the real total form of this element.
The average share of accessible to plant’s pools of potassium in the seemingly
total one was 0,56%, 3,66% and 18,4% for water soluble, exchangeable and reserve
pool respectively. Water soluble potassium makes, on the average between 7% in
light soils and 20% in very heavy soils of the exchangeable pool, which is in a
good agreement with findings of Warren and Johnston [1962]. These authors for
heavy soils at Rothamsted reported 15% share of water soluble in the exchangeable
potassium pool. The content of the exchangeable pool of potassium ranged from 70
to almost 170 mg K∙kg-1 soil. For the most crops, the content of about 150 mg K∙kg-1
soil is considered as adequate [Barber 1984]. The shares of these pools were higher
in the light/medium in comparison to heavy/very heavy soils and higher in the upper
soil level against the subsoil. Potassium fertilization had a positive influence on the
share of water soluble and exchangeable pools of this element but did not increase
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the share of reserve form.
Due to strong relation between potassium pools, except immediately available
one, and soil texture, the quantitative relationships of the potassium content
against the content of clay (particles <0,002 mm) and silt (particles<0,02mm) has
been estimated. The correlation coefficients between these variables were highly
significant and for Kex, Krez,Ktot ranges between r=0,68 and r=0,87. The correlation
coefficients were higher for the relation between potassium pools and the content
of clay, then the content of silt. They were also somewhat higher for the treatment
without potassium in comparison to the treatment with potassium application. For
better depicting the above presented relation the content of potassium in the different
pools has been recalculated per 1 % of clay and/or silt (Table 6).
Table 6. The content of potassium in different pools per 1% of clay and/or silt,
depending on potassium fertilization.
Potassium content mg K per 1%
of clay

Potassium content mg K per 1%
of silt

without
potassium NP*

with potassium
NPK*

without
potassium NP*

with potassium
NPK*

Exchangeable Kex

1,15 (0,69)

2,03 (1,53)

0,30 (0,15)

0,50 (0,30)

Reserve Krez

7,25 (3,45)

9,01 (4,88)

1,88 (0,74)

2,06 (0,76)

Seemingly total
Ksem

37,7 (12,3)

47,1 (23)

10,1 (2,98)

11,6 (3,79)

Total Ktot

208 (123)

253 (163)

56 (30)

60,0 (32,6)

Potassium pool

*

In parenthesis the standard deviation

It was assumed that the potassium status of fertilized soils NPK, more or less
corresponds to this at the beginning of the experiments (see the next paragraph).
Therefore, the arable soils in Central-Eastern Europe contain about 2 mg of
readily available and about 9 mg of slowly available potassium per 1% of clay and
respectively 0,5 mg of readily available and about 2 mg slowly available potassium
per 1 % of silt. Long – term soil mining from potassium resulted in diminishing the
saturation of clay and silt with readily available potassium Kex by about 70 % and the
saturation with slowly available potassium Krez by about 20%.
As it has been stated previously the whole history of the experiments and
particularly the data concerning potassium pools at theirs beginning was not available.
Therefore, the calculation of the potassium balance had to be based on comparison
of the fertilized NPK and unfertilized NP treatments. It was assumed that the amount
of structural potassium Ksem and Ktot at the time of soil sampling, supplemented by the
potassium balance difference in NPK treatment reflects soil status at the beginning
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of the experiments (Table 7).
Table 7. Simulated potassium balance depending on soil texture, in the soil layer
0–50 cm.
treatment
NPK

NP

Difference
*

characteristics

Light
soils

Medium
soils

Heavy
soils

Very heavy
soils

1.Ksem pool kg∙ha-1

13368

22118

36377

45254

2. Ktot pool kg∙ha-1

106498

110624

116304

120130

3. K amount in
fertilizers

3972

3887

3975

4063

4. K offtake kg∙ha-1

3724

4710

4932

5154

5. difference (3–4)

248

-823

-957

-1091

6. Ksem simulated*
(1–5)

13120

22941

37334

46345

7. Ktot simulated*
(2–5)

106250

111447

117261

121221

8. Ksempool kg∙ha-1

10908

21266

34408

43124

9. Ktot pool kg∙ha-1

104159

108892

114102

118020

10. K offtake kg∙ha-1

2476

2871

3193

3374

11. Ksem pool (6–8)
12. Ktot pool ( 7–9)

2212

1675

2926

3221

2091

2555

3159

3201

The most probable amount of structural potassium in the soil layer 0 – 50 cm

The loss of the structural potassium during the experiments, from the soil layer 0
– 50 cm matches satisfactorily the offtake of this element by crops grown in control
NP treatment. The differences between the potassium offtake and the loss of total
Kto potassium, simulated as above were 385 kg, 316 kg, 34 kg and 173 kg for the
light, medium, heavy and very heavy soils respectively. From this tendency, one can
conclude that some amounts of potassium removed by plants come from the deeper,
then 50 cm soil layers. It concerns mainly the light and medium soils. Kuhlamn and
Barraclough [1987] claim that winter wheat could acquire as much as 50 % of the
potassium from the subsoil. Johnston [1986] reported that at Rothamsted, after 100
years of applying N and P only the amount of potassium removed from soil was in
range 1800 to 4700 kg K, depending on the crop and soil texture.
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Conclusions
1. In this researches soil samples from different regions of Central-Western Europe
differing with respect to type, origin and texture were recognized.
2. The soil parameter influencing the most the content of all potassium pools was
its texture. The content and amount of all potassium pools, except immediately
available one increased significantly from the light to the very heavy soils.
3. The average saturation of clay in the Central-European soil with exchangeable
potassium is about 2 mg K per 1% of clay and with slowly available potassium
about 9 mg K per 1 % of clay.
3. The loss of structural potassium from the soil layer 0-50 cm matches perfectly
well the offtake of this element in the treatment without fertilizer application.
4. The changes in the content of readily (exchangeable) potassium reflects the best
the history of crop fertilization with this element.
5. The content of seemingly total (soluble in Aqua Regiae) potassium makes 11
– 36% of the real total pool of this element. This operational pool of potassium
explains pretty well the long-term changes in the content of structural potassium
in soils of different texture.
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THE EFFECT OF SOIL AND FOLIAR SULPHUR APPLICATION
ON WINTER WHEAT YIELD AND SOIL PROPERTIES

Grzegorz Kulczycki
Wrocław University of Environmental and Life Sciences
Abstract
In the years 2009-2010 the effect of sulphur fertilization on the yield and
chemical composition of winter wheat was researched in a field experiment carried
on in the South-West region of Poland. Elemental sulphur was applied through soil
and foliar application. Two doses of sulphur 40 kg S·ha-1 and 80 kg S·ha-1 in the
form of Wigor 90 fertilizer including 90% of elemental sulphur have been applied
to the soil in the autumn. The foliar fertilization consisted of two doses of elemental
sulphur 5 dm3·ha-1 and 10 dm3·ha-1 applied at the visible flag leaf stage (37 BBCH).
The soil applied sulphur significantly increased grain yield and the content of this
element in above-ground parts plants at the growth stages 39 BBCH and 59 BBCH in
comparison with the yield from the control field. The straw yield also increased with
a dose of 80 kg S·ha-1 applied to the soil and after foliar fertilization when the dose of
10 dm3 Sulphur·ha-1 was used. Fertilizing with elemental sulphur significantly
increased the overall sulphur content during the wheat vegetation 39 BBCH phase
when the highest doses were used and during the 59 BBCH phase when a several
doses were applied. However, no significant differences in the content of this element
in the final yield (grain and straw) were found. Elemental sulphur applied to soil in
two doses significantly lowered the soil reaction and increased the sulphate content
in comparison to the control.
Key words: sulphur fertilisation, winter wheat, sulphur in plants, sulphur in soil
Introduction
The sulphur requirements of cereal crops are lower in comparison to root crops,
rapes and legumes [Motowicka-Terelak, Terelak 2000]. However, due to decreasing
sulphur emission to the atmosphere and application of sulphur-free mineral fertilizer
the deficiency of this element in cereal crops has been lately observed [Grzebisz
2003, Schnug, Haneklaus 1998, Stern 2005]. Plants absorb sulphur from the soil
through their root system in the sulfate form and transport it to the chloroplasts of
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leaf cells, where sulfate are reduced to sulphide and built into organic compounds
[Hell, Rennenberg 1998]. Elemental form of sulphur is not directly available for
plants and has to be transformed in the soil into sulfate form. The transformation
of elemental sulphur to sulfate depends on many factors, the size and activity of
the microorganism populations, soil temperature and moisture, and the degree of
sulphur crumbling [Eriksen 2009, Freney 1967, Wen et al. 2001]. Elemental sulphur
in the finely ground form can also be used for foliar fertilization because it undergoes
oxidation on the leaf surface and is included in the processes of plant metabolism
[Legris-Delaporte et al. 1987]. Application of sulphur fertilizers may increase the
yield and quality of agricultural crops [Tabatabai 1984]. The aim of the study was to
determine the effect of elemental sulphur, in soil and foliar fertilization on the yield
and chemical composition of winter wheat and upon soil sulphur content.
Materials and methods
The field experiment was conducted during the vegetation period in the years
2009–2010, at the farm in Charbielin (latitude 50 20’ N, longitude 17 26’ E, and
altitude 210 m above sea level). Average temperature in 2009 was 8,7o C, and in
2010 6,6o C and the sum of rainfall 823mm, and 750mm, respectively. The soil was
clay-loam (55% silt and clay), slightly acid (pH in KCl 6,2) and showed the average
phosphorus and high potassium and magnesium contents. The total sulphur content
was 530 mg S·kg-1 of the soil, and the sulphate content 11,4 mg S-SO4·kg-1 of the
soil. The test crop was winter wheat variety Bogatka. In one factorial experiment two
sulphur doses 40 and 80 kg S·ha-1 have been applied to the soil in form of Wigor 90
fertilizer and two doses 5 dm3·ha-1 and 10 dm3·ha-1 as foliar fertilization in the form
of Sulphur fertilizer including 80 % S. Wigor 90 fertilizer was applied in autumn and
Sulphur 80 fertilizer on the leaves in 300 dm3 water at flag leaf stage (BBCH 37).
The samples of above-ground plant biomass were collected at three different
wheat development stages, flag leaf formation (BBCH 39), end of heading (BBCH
59) and at the full maturity (BBCH 89). In the plant samples, the total nitrogen
content using Kjeldahl method and total and sulfate sulphur contents after extraction
with acetic acid according to Buttersa-Chenery method, were determined. After
wheat harvest samples from the arable soil layer were collected. Soil samples were
analyzed for the pH in 1 mol KCl·dm-3, total sulphur content by the Buttersa-Chenery
method with magnesium nitrate and sulfate content using the Bardsley and Lancaster
method with acetic buffer. The sulphur content in the extract has been measured by
the nephelometric method.
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Results and discussion
Elemental sulphur application increased, albeit not always significantly, the
grain and straw yield in comparison to the control treatment (Table 1).
Table 1. Yields of winter wheat
Doses and forms
of sulphur

Straw
t·ha-1

S-0 without sulphur

8,19

a*

9,82

a

S-W1 soil 40 kg∙ha-1

8,73

ab

10,9

ab

S-W2 soil 80 kg∙ha

9,05

b

11,7

b

S-S1 foliar 5 dm3 ∙ha-1

8,54

ab

11,0

ab

S-S2 foliar 10 dm3 ∙ha-1

8,41

ab

11,6

b

-1

*

Grain

treatments marked with the same letters did not differ significantly

The difference in efficacy of the soil or foliar fertilization was not statistically
proven. Withers et al. [1995] claimed that the efficacy of gypsum and sulphur foliar
fertilization in doses of 10 kg S·ha-1 is almost the same. Randall et al. [1981] in field
experiments with winter wheat showed that the most effective for grain yield was the
join application of sulphur and high doses of nitrogen fertilizers. The residual effect
of elemental sulphur in the second and third year after application was comparable
to the direct application of sulfate form [Solberg et al. 2007]. Wen et all. [2003]
proved a significant increase of the barley grain yield, cultivated in second year after
application of elemental sulphur in the dose of 80 kg S·ha-1. Foliar application with
sulphur increases not only grain yield but also the content and polymerization of
grain proteins. This in turn significantly improves dough mixing properties [Tea et
al. 2004].
The nitrogen content in plant biomass at flag leaf stage ranged between 35,4
to 36,7 g∙kg-1 s.m., at wheat heading between 42,8 to 43,2 g∙kg-1s.m., and in mature
grain between 20,8 to 21,3 g∙kg-1 s.m. Sulphur application did not have any significant
effect on the nitrogen content in the winter wheat both during the vegetation period
and in the final yield (Table 2).
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Tabel 2. Nitrogen and sulphur content in winter wheat grain and straw
Doses of sulphur

N

S

g∙kg s.m.
-1

g⋅kg DM
-1

N:S

I stage 39 BBCH
S-0 without sulphur

35,4

a

3,49

a

10,1

a

S-W1 soil 40 kg∙ha-1

36,7

a

3,60

ab

10,3

a

36,3

a

4,02

b

9,0

a

S-S1 foliar 5 dm ∙ha

35,7

a

3,65

ab

9,8

a

S-S2 foliar 10 dm3∙ha-1

36,4

a

4,01

b

9,1

a

S-W2 soil 80 kg∙ha-1
3

-1

II stage 59 BBCH
S-0 without sulphur

42,9

a

3,51

a

12,2

a

S-W1 soil 40 kg∙ha-1

43,2

a

3,89

b

11,1

ab

S-W2 soil 80 kg∙ha-1

43,1

a

3,99

b

10,8

b

42,8

a

3,91

b

11,0

b

43,1

a

3,98

b

10,8

ab

S-S1 foliar 5 dm3∙ha-1
S-S2 foliar 10 dm ∙ha
3

-1

Grain
S-0 without sulphur

20,8

a

2,06

a

10,1

a

S-W1 soil 40 kg∙ha-1

20,4

a

2,05

a

10,0

a

S-W2 soil 80 kg∙ha-1

20,9

a

2,08

a

10,1

a

S-S1 foliar 5 dm3∙ha-1

20,8

a

2,13

a

9,8

a

S-S2 foliar 10 dm3∙ha-1

21,3

a

2,15

a

9,9

a

Straw
S-0 without sulphur

6,65

a

1,31

a

5,07

a

-1

S-W1 soil 40 kg∙ha

6,83

a

1,49

a

4,65

a

S-W2 soil 80 kg∙ha-1

6,93

a

1,48

a

4,71

a

S-S1 foliar 5 dm3∙ha-1

6,90

a

1,55

a

4,48

a

S-S2 foliar 10 dm3∙ha-1

7,14

a

1,42

a

5,06

a

Sulphur fertilization increased significantly the content of this element and
narrowed the N:S ratio in vegetative plant parts. There was yet no difference in
the effect of soil or foliar applied sulphur fertilizers. The content of sulphur in the
final grain and straw yield did not depend significantly on sulphur fertilization. The
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amount of sulphur removed with winter wheat yield increased significantly under the
fertilization with this element (Table 3)
Table 3. Sulphur uptake with winter wheat grain and straw
Grain

Doses of sulphur
S-0 without sulphur
S-W1 soil 40 kg∙ha-1
S-W2 soil 80 kg∙ha-1
S-S1 foliar 5 dm3∙ha-1
S-S2 foliar 10 dm3∙ha-1

16,9
17,9
18,8
18,2
18,1

a
a
a
a
a

Straw
kg·ha-1
12,9 a
16,4 b
17,3 b
17,1 b
16,5 b

Total
29,8
34,3
36,1
35,3
34,6

a
b
b
b
b

In the field experiments with increasing doses of sulphur for winter wheat
Reneau et al. [1986] found no significant difference in the nitrogen and sulphur
content and ratio at the flag leaf stage. The sulphur content in winter wheat grain,
determined by fluorescent roentgen spectrometer, ranged from 1,74 to 2,35 mg S·kg-1.
Randall et all. [1981] showed that sulphur application on the highest dose of nitrogen
fertilizers, increased the sulphur content in wheat grain from 0,98 to 1,78 mg S·kg-1.
The critical sulphur content in grain of wheat well supplied with nitrogen the grain
was estimated at 1,2 mg S·kg-1. Győri [2005] reported that the sulphur content in the
grain of wheat varieties grown on the high level of NPK averaged 1,5 g S·kg-1 s.m.,
and the extreme difference between varieties was 0,12 g S·kg-1 s.m. Withers et al.
[1995] claims that the high yields of cereal crops were determined by the nitrogen to
the sulphur ratio in the leaves at least 17 during the bloom stage. The sulphur content
in the wheat grain below 1,2 mg·kg-1 and the N/S ratio below 17 were assumed as
yield limiting values [Randall et al. 1981].
Application of elemental sulphur to the soil significantly decreased soil pH
(Table 4), while foliar application did not influence this soil characteristic.
Table 4. Soil properties after terminating the experiments
Doses of sulphur

pH

S

S-SO4

1mol KCl·dm-3

mg∙kg-1 of soil

S-0 without sulphur

6,17

a

534

a

9,8

a

S-W1 soil 40 kg∙ha-1

5,84

b

573

a

14,9

b

5,75

b

606

a

17,6

b

S-S1 foliar 5 dm ∙ha

6,01

ab

546

a

11,3

a

S-S2 foliar 10 dm3∙ha-1

6,02

ab

570

a

11,5

a

S-W2 soil 80 kg∙ha-1
3

-1
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The content of total sulphur showed the tendency for increasing under the soil
application of this element. More pronounced and significant was this soil applied
sulphur effect in the content of sulfate (Table 4). Foliar application of sulphur
influenced neither the total, nor the sulfate content of sulphur in the soil.
Owen et al. [1999] in field experiments used sulphur to acidify soil with the pH
of 6,7 and obtained the pH of 4,0 with dose 2 t S·ha-1, and a pH lower than 3,0 with
the dose of 8 t S·ha-1. Skwierawska et all. [2008] in three-year experiments with
elemental sulphur and sulfate showed that the last product acidified the upper soil
layer already in the first year after application. The acidifying effect of elemental
sulphur did not reveal until the last year of the experiment. Kozłowska-Strawska
[2004] used different sulphur compounds for fertilization several crops. She has
found the accumulation of sulfate after spring barley and spring wheat but not after
rapes.
Conclusions
1. Elemental sulphur soil fertilization with the dose of 80 kg S·ha-1 significantly
increased the grain yield in comparison to the control fields.
2. The straw yield significantly increased after elemental sulphur soil fertilization
with a dose of 80 kg S·ha-1 and foliar application with a dose of 10 dm3 S·ha-1.
3. Fertilizing with elemental sulphur substantially increased its content during the
wheat vegetation stage 39 BBCH with the highest doses of sulphur and during
the stage 59 BBCH for all the doses. However, no significant changes in the
sulphur content of the final grain and straw crop were reported.
4. Elemental sulphur applied in both doses to the soil significantly lowered soil pH
and substantially increased the soil content of sulfate in comparison to control.
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Abstract
In 2008–2009, a field experiment has been carried on at Agricultural Experimental
Station in Lipnik on the soil qualified as class IVa and good rye complex showing
neutral reaction, high content of available phosphorus and medium content of
available potassium and magnesium. The aim of the study was to determine the
effect of compost produced from municipal sewage sludge by the GWDA method
supplemented by soil improver PRP SOL on the yield and quality of winter wheat
grain and on soil properties. Compost was applied in the doses including 100, 200
and 300 kg N∙ha-1 and soil improver in the dose of 150 kg∙ha-1. Compost and soil
improver significantly increased grain yield. The total cadmium, copper and zinc
contents in soil decreased under influence of compost independently of soil improver
application
Key words: sewage sludge compost, soil improver, winter wheat, heavy metals in
soil.
Introduction
Due to growing number of sewage purification plants in Poland the amount of
sewage sludge is showing the steadily increase. According to many authors [Baran
2004, 2005, Czekała 2000, 2004, Czyżyk et all. 2002, Wołoszyk 2003, Jakubus 2006,
Jasiewicz et all. 2007], municipal sewage sludge may be used for fertilisation purposes.
This product is abundant in organic matter and many macro- and microelements.
However, the compositions of sludge from individual purification plants differ
considerably, and they may contain excess of heavy metals and be contaminated
biologically. Therefore, sludge prior to its application into soil has to be subjected
to stabilization and sanitation processes in accordance with legal regulations. One
of the methods is sludge composting according to GWDA procedure. The studies
conducted so far show that municipal sewage sludge can be used to produce composts
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[Urbaniak 1997, Baran and Turski 1999, Ciećko et all.2001, Siuta and Wasiak 2001,
Baran et all. 2006, Jędrczak 2007], which in respect of chemical composition satisfy
the standards specified in the Regulation of the Ministry of Agriculture and Rural
Development [Official Journal of Laws No. 119, item 765 of 2008]. It concerns
mainly the content of heavy metals.
Zinc, cadmium and copper belong to chemical elements, which quantities in
sewage sludge may be high but differ considerably depending on its origin [Kalembasa
and Synamowicz 2008]. High quantity of organic matter which sludge contains
reduces partly the toxic effect of these chemical elements on soil and plants [KabataPendias and Pendias 2000, Schufer and Seifert 2006]. Besides, some heavy metals,
including copper and zinc, are indispensable for normal growth and development
of plants. Approximately, 40% acreage of Polish soils is poor in copper and about
10% poor in manganese and zinc [Stanisławska – Glubiak and Korzeniowska 2007].
Therefore, sludge may be an alternative source of these microelements.
Another product used in the study was soil improver PRP SOL of the Procedes
Roland Pigeon Company. The trials carried out and implemented in France proved
that PRP SOL contributed, to conversion of insoluble compounds of phosphorus,
potassium and magnesium into forms available for plants. Furthermore, it increases
the enzymatic activity of soils and improves their physical properties. Similar results
were obtained under Polish conditions by Krzywy-Gawrońska [2009].
The aim of the study was to determine the interaction between soil improver
PRP SOL and increasing doses of compost produced by GWDA method on the
yield and quality of winter wheat grain and on some chemical properties of soil.
The total and available forms of cadmium, copper and zinc were in the foreground
of researchers.
Material and methods
A field experiment was carried out at Agricultural Experimental Station in
Lipnik near Stargard Szczeciński belonging to the Western Pomeranian University
of Technology in Szczecin. The soil on this site is luvisol, of loamy sand texture
underlined by light loam. It belongs to soil quality class IVa and good rye complex.
Chemical properties of soil are presented in Table 1. Cadmium, copper and zinc
contents in soil before the experiment amounted to 0.38, 4.98 and 30.9 mg·kg-1 d.m.,
respectively. The concentration of these elements in soil was within natural values
given by the Regulation of the Ministry of Environment [Official Journal of Laws
No. 165, item 1365 of 2002].
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Table 1. Soil fertility indices in surface horizon 0–25 cm
Available forms in mg∙kg-1 d.m.
soil

Total content in g∙kg-1 d.m. soil
pHKCl

6.65

C org.

7.55

N

P

K

Ca

Mg

S

P

K

Mg

S-SO4

0.64

1.10

2.41

2.18

0.60

0.12

78.2

113.9

38.6

9.26

Compost from municipal sewage sludge was produced by the GWDA method
at the Municipal Sewage Treatment Plant in Stargard Szczeciński. This compost
was characterized by neutral reaction (pHH O 7.15) and contained more nitrogen and
2
phosphorus then potassium. The total content of heavy metals, which might limit its
use for fertilisation purposes, did not exceed standards given in the Regulation of the
Ministry of Agriculture and Rural Development [Official Journal of Laws No. 119,
item 765 of 2008] (Table 2).
Table 2. Chemical composition of the compost produced by the GWDA method
Element

Content

Element

in g·kg d.m.

Content

in mg·kg d.m.

-1

-1

pHH2O

7.15

Cadmium

2.50

Nitrogen

28.6

Copper

11.5

Carbon

246

Zinc

263

Phosphorus

12.0

Lead

45.3

Potassium

6.70

Chromium

14.7

Calcium

4.80

Magnesium

2.22

The experiment was two-factorial. The first factor was increasing compost
doses corresponding to 100, 200 and 300 kg of total nitrogen and the second one soil
improver application, with and without PRP SOL. Two control treatments have been
included, without fertilization (control I) and with soil improver only (control II).
Test plant was wheat variety Korweta.
Compost has been applied in autumn 2007 and in early spring in 2008 and 2009,
the whole experimental area was fertilized with Polifoska 6 at a 200 kg∙ha-1 dose.
Due to a small content of nitrogen in Polifoska 6, urea fertilizer was applied in the
dose 100 kg N∙ha-1. Soil improver PRP SOL was introduced into soil at the 150 kg
N∙ha-1 dose in autumn 2008 and 2009, before sowing of winter wheat. At harvest
grain samples have been collected for chemical analyses. Nitrogen was determined
by the Kjeldahl method according to PN-75/A-04018/Az3, phosphorus by the
method of Barton, potassium and calcium by the method of flame spectrophotometer
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following the wet mineralisation in a mixture of nitric(V) and chloric(VII) acids
(3:1) according to PN-91/R/04014, total sulphur by nephelometric method, and total
magnesium by the method of atomic absorption spectrometry (AAS) according to
PN-EN ISO 11212 and PN-EN ISO 11212-4.
After wheat harvest soil samples have been collected from each treatment and
analyzed for the content of heavy metals. Total content of cadmium, copper and
zinc was determined, after wet mineralization of samples (PNISO 11466 and PNISO 11047) with atomic absorption spectrometry using a Perkin Elmer AAS 300
spectrophotometer. The content of soluble forms of heavy metals after extraction
of sample with 1 mol·dm-3 HCL (PN-ISO 10390) was determined by the same
spectrometer.
Results were processed by analysis of variance using Tukey’s test at significance
level p=0.05.
Results
Winter wheat yield and grain quality
The yield of wheat grain is presented in Table 1. Higher grain yield was recorded
in the year 2008, characterized by optimum air temperature and medium average
precipitation albeit with the periods of drought. The lower yield in 2009 resulted
from the extreme rainfall which induced excessive soil moisture delayed plant
ripening and difficulties in harvest of cereals.
Table 1. Wheat grain yields in t∙ha-1 in the years 2008–2009
Fertilization
variants
I dose compost
II dose compost
III dose compost
Control, without
compost

Year
2008
2009
mean
2008
2009
mean
2008
2009
mean
2008
2009
mean

Compost
without PRP
Sol
5,28
4,71
4,99
6,07
5,37
5,72
6,95
5,53
6,24
3,87
2,96
3,41

LSD0,05 for:
- the doses of compost– 0,322
- impact of PRP Sol against composts B– 0,163
- interaction A x B – 0,456

Composts with
PRP Sol

Mean

5,97
5,21
5,59
6,51
5,70
6,10
7,35
5,90
6,62
4,15
3,10
3,62

5,62
4,96
5,29
6,29
5,53
5,91
7,15
5,71
6,43
4,01
3,03
3,52
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In both years of the experiment, the yield of winter wheat grain increased
significantly and almost proportionally to the increasing doses of compost.
Application of the soil improver on the background of compost increased further
significantly the grain yield. However, soil improver applied in the control treatment,
without compost had the insignificant impact only on the wheat yield.
The content of most analyzed nutrients in wheat grain depended on the compost
doses but, except nitrogen, phosphorus and potassium were not influenced by soil
improver application (Table 2). The content of N, P, K and Ca was lower in 2008
then in 2009, while the reverse was true for Mg and the content of S did not differ
between experimental years.
Table 2. Content of nutrients in wheat grain in the years 2008–2009
Fertilization
variants

Year

I dose
compost

2008
2009

II dose
compost

III dose
compost

Control,
without
compost

Compost without PRP Sol
content total in g∙kg-1 s.m.
N

P

K

Ca

N

P

K

Ca

Mg

S

24,7 3,00 3,70 0,52 1,32 1,56
26,7 3,62 4,18 0,58 1,00 1,59

24,8
27,7

3,25
3,66

3,85
4,44

0,56
0,62

1,34
1,06

1,60
1,53

mean 25,7 3,31 3,94 0,55 1,16 1,57

26,2

3,45

4,14

0,59

1,20

1,56

2008 25,8 3,17 3,96 0,58 1,34 1,58
2009 28,6 4,06 4,46 0,65 1,15 1,58

25,8
29,9

3,29
4,08

3,95
5,08

0,57
0,65

1,36
1,13

1,64
1,55

mean 27,2 3,61 4,21 0,61 1,24 1,58

27,8

3,68

4,51

0,61

1,24

1,59

2008
2009

25,4 3,28 3,90 0,55 1,30 1,62
28,8 4,68 4,41 0,65 1,22 1,62

25,9
29,3

3,35
4,76

4,05
5,15

0,58
0,64

1,42
1,19

1,61
1,65

mean 27,1 3,98 4,15 0,60 1,26 1,62

27,6

4,05

4,60

0,61

1,30

1,63

2008
2009

21,1 3,00 3,65 0,58 1,20 1,38
24,4 2,71 3,61 0,50 1,00 1,31

22,4
24,5

3,35
3,12

3,86
3,62

0,59
0,54

1,22
1,05

1,35
1,30

mean 22,7 2,85 3,63 0,54 1,10 1,34

23,4

3,23

3,74

0,56

1,14

1,32

1,167 0,05
0,589 n.s.
n.s.
n.s.

n.s.
0,08
n.s.

n.s.
n.s.
n.s.

0,120 0,082
n.s.
n.s.
n.s.
n.s.

LSD0,05 for:
- the doses of compost A
- impact of PRP Sol against composts B
- interakcja A xB

Mg

Composts with PRP Sol
content total in g∙kg-1 s.m.
S

Significantly lower contents of all nutrients have been recorded in the treatment
without compost, albeit application of soil improver slightly increased the content
of nitrogen, phosphorus and potassium in this treatment. The increasing compost
doses had a significant positive effect on the content of nitrogen, phosphorus and
potassium.
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Heavy metals in soil
The contents of total and soluble forms of heavy metals are presented in Table 3.
In the control treatment, without compost the total content of heavy metal
decreased in comparison to the initial date. It can be explained by removal of these
microelements with the winter wheat yield. Increased doses of compost raised to the
small extent the content of total form of cadmium, copper and zinc independently of
the soil improver application. The extra amounts of heavy metal originate from the
sewage sludge, being a main component of the compost.
Table 3. Contents of total and soluble forms of cadmium, copper and zinc in soil
after the first and second year of experiment

Fertilization
variants

Year

Composts with PRP Sol
content in mg∙kg-1 d.m.

Compost without PRP Sol
content in mg∙kg-1 d.m.
total form
Cd

Initial content

0.38 4.98 30.9 0.28 2.55 17.2 0.38 4.98 30.9 0.28 2.55

17.2

2008
I dose
compost 2009

0.39 4.84 29.9 0.29 2.79 18.5 0.42 4.90 31.1 0.31 2.85
0.37 4.78 29.7 0.28 2.75 18.2 0.39 4.85 30.5 0.29 2.80

18.7
18.4

0.38 4.81 29.8 0.28 2.77 18.3 0.40 4.87 30.8 0.30 2.82

18.5

0.41 4.89 30.6 0.31 2.85 18.8 0.44 4.96 32.0 0.33 2.92
0.39 4.84 30.0 0.29 2.80 18.5 0.41 4.92 31.2 0.30 2.89

18.9
18.6

0.40 4.86 30.3 0.30 2.82 18.6 0.42 4.94 31.6 0.31 2.90

18.7

0.43 5.12 31.6 0.32 2.95 19.1 0.45 5.03 32.8 0.34 3.02
0.40 5.02 31.3 0.29 2.90 18.8 0.42 4.98 32.3 0.32 2.97

19.3
18.8

mean

0.41 5.07 31.4 0.30 2.92 18.9 0.43 5.00 32.5 0.33 2.99

19.0

2008
2009

0.38 4.72 28.6 0.27 2.72 17.9 0.39 4.76 28.6 0.28 2.76
0.36 4.67 28.3 0.26 2.69 17.6 0.37 4.73 28.5 0.26 2.73

18.1
17.8

mean

0.37 4.69 28.4 0.26 2.70 17.7 0.38 4.74 28.5 0.27 2.74

17.9

mean

III dose 2008
compost 2009
Control

LSD o,o5
A compost
B PRP SOL
AxB

ns
ns
ns

Cd

Cu

Zn

0.03 0.39 0.01 0.02 0.12
0.02 0.20 ns 0.01 0.06
ns 0.55 ns 0.02 ns

Cd

ns
ns
ns

Cu

Zn

soluble form
Zn

II dose 2008
compost 2009

Zn

total form

Cu

mean

Cu

soluble form

Cd

0.03 0.39 0.01 0.02
0.02 0.20 ns 0.01
ns 0.55 ns 0.02

0.12
0.06
ns

The content of soluble forms of heavy metals followed the regularities discussed
above. The difference is that in the control treatment, without compost the content of
soluble forms of copper and zinc increased against its initial values.
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A good measure of heavy metals mobility in soil is the ratio of their soluble and
the total forms. (Table 4). This ratio shows that mobility of heavy metal increased
in the order: Cd>Zn>Cu. The treatments in the experiment have no influence on this
parameter.
Table 4. The ratio of soluble and insoluble forms of heavy metals in soil
Fertilization
treatments

Compost without PRP Sol

Composts with PRP Sol

Cd

Cu

Zn

Cd

Cu

Zn

I dose compost

73.7

57.6

61.4

75.0

57.9

60.1

II dose compost

75.0

58.0

61.4

73.8

58.7

59.2

III dose compost

73.2

57.6

60.2

76.7

59.8

58.5

Mean

73.9

57.7

61.0

75.2

58.8

59.2

Discussion
Many studies show (Baran 2005, Czekała 2000, Jakubus 2006) that organic
matter coming from composts with different material composition and from natural
fertilisers increases the yields of crop plants and their quality. Yield-forming effect
of organic fertilization of crops is confirmed by research conducted by Jamoroza et
al. [2004] and Łabętowicza et al. [2000]. Rating fertilizer value in the experiments is
a confirmation of their earlier results obtained by Kalembasa and Kuziemska [1993].
Similar results were obtained in their study Harasimowicz-Herman and Herman
[2004]. The obtained results confirm research study by Baran and Turski [1999] and
Kaczor et all. [2006] on the possibility of using compost from municipal sludge as
a fertilizer. The carried out study and the presented results also confirm this thesis.
The active substance PRP Sol applied additionally together with increasing doses
of municipal sewage sludge compost induced a significant increase in test plant
yields. This result is consistent with the study carried out previously by Siebielec
et al. (2004) and Krzywy-Gawrońska (2009), according to which PRP Sol being
introduced into soil induces the conversion of not available phosphorus and nitrogen
forms into available ones. This way the yields of crop plants are being increased.
The same phenomenon could have occurred in case of municipal sewage sludge
compost. The test plant had clearly more phosphorus (from compost) for its disposal
than potassium. Therefore, the positive effect of PRP Sol was very clearly found
in increasing the content of the latter chemical element in test plant, while being
considerably less efficient in increasing the phosphorus content. Cadmium, copper
and zinc concentrations in soil were within natural content limits [Regulation of
the Minister of Environment, Official Journal of Laws No. 165, item 1359 of 2002]
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and considerably lower when compared to the total content of examined chemical
elements given by the State Research Institute of Soil Science and Plant Cultivation
[1995].
Although cadmium, copper and zinc were introduced into soil together with
municipal sewage sludge compost, the content of these chemical elements after twoyear research cycle did not exceed the standards arising from the Regulation of the
Minister of Environment.
Total cadmium content in soil in respective experimental objects did not differ.
Total copper and zinc contents in soil increased with the increase of compost doses.
It results from the study of Kabata-Pendias and Pendias [1999] that total cadmium
content in soil was slightly higher than the mean value (0.41 mg kg-1 dm). This
phenomenon is connected with low cadmium content and clearly higher copper and
zinc contents in the compost used in this study. The increasing doses of organic
fertiliser (compost) contributed to a small extent to an increase in the content of
soluble cadmium form, whereas they clearly affected an increase in the content of
soluble copper and zinc forms in soil. The active substance PRP Sol did not have any
significant effect on changes in the content of soluble cadmium form in soil but it
significantly increased the content of soluble copper and zinc forms. This may be of
importance for plants being cultivated on soils poor in total content of the chemical
elements in question.
Conclusions
1.
2.
3.

4.

5.
6.

Increasing doses of compost produced from municipal sewage sludge without
and with a PRP SOL addition significantly increased wheat grain yield.
PRP SOL significantly increased wheat grain yield as set against control object
and objects with increasing doses of compost produced from municipal sewage
sludge.
Organic fertilisation significantly increased nitrogen, phosphorus, magnesium
and sulphur contents in test plant grain when compared to control object. The
compost being introduced into soil did not have any significant effect on the
increase of potassium and calcium contents in wheat grain.
Calcium, magnesium and sulphur contents in wheat grain did not significantly
differ in the objects fertilised with increasing doses of compost without and
with a PRP SOL addition. Nevertheless, an increase in calcium, magnesium and
sulphur contents by 9.25%, 11.8% and 18.8%, respectively, was found in wheat
grain when compared to the control object.
The increasing doses of organic fertiliser (compost) significantly increased the
phosphorus content in the tested plant.
The increasing doses of municipal sewage sludge compost being applied without
and with PRP Sol addition did not have any larger effect on changes in the total
content of cadmium and the content of its soluble forms in soil.
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7. The total content of copper and zinc and the content of their soluble forms
increased as affected by the increasing doses of organic fertiliser being introduced
into soil without and with addition of active substance PRP Sol.
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SUBSTRATE ON MAIZE YIELD AND SOIL FERTILITY
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Abstract
The three-year field experiment on a soil classified as stagnic luvisol examined
the effect of raw and composted spent mushroom substrate on maize yield and soil
properties (pH, Hh, CEC, TB, BS and content of available forms of P, K and Mg).
Six fertilizer treatments and a control one, in four replications each was used in
the experiment. The fertilizer treatments include: spent mushroom substrate, spent
mushroom substrate composted with straw, spent mushroom substrate composted
with sewage sludge, farmyard and mineral fertilization. All fertilizers were applied
in three doses, corresponding to 100, 200 and 300 kg N ∙ ha-1. In the experiment for
three years a maize of the KB1902 variety was cultivated. The test plant was grown
for silage.
The investigations shown that fertilization with spent mushroom substrates
and composts made of this substrate increased yields of maize as compared to the
control treatment. These fertilizers have also favourable effect on the soil chemical
properties in terms of raising soil pH and increasing the contents of available forms
of P, K and Mg. and improving the sorption properties of the soil. Among the studied
fertilizers compost made from spent mushroom substrate and sewage sludge showed
the best impact on yield of maize and improving the soil chemical properties.
keywords: spent mushroom substrate, compost, fertilization, soil
Introduction
The annual production of mushroom substrate (SMS) residues in Poland
amounts to about 900 thousand tonnes. This makes problem for mushroom farms,
most often detached from agricultural land and deprived of opportunity to utilize
the waste within their holdings. Mushroom substrate is a valuable source of organic
matter and plant nutrients, and when properly formulated and disinfected at the
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temperature of 70oC, does not contain pests, fungal pathogens and weed seeds
(Szudyga 1998). Due to these properties, this substrate has been recommended as
an organic fertilizer to support vegetable and fruit production, for establishment and
maintenance of lawns as well as for arable field management (Kryńska et al. 1983,
Szudyga 1998). Moreover, Rak et al. (2001) and Jankowski et al. (2004) propose this
waste as suitable fertilizers meadows and pastures. Another direction of studies upon
utilizing mushroom substrate is its use for compost production in combination with
other organic wastes such as slurry and sewage sludge. The latter procedure allows,
on the one hand, for the disposal of waste products and, on the other, for obtaining a
compost of sanitary safety (Niżewski et al. 2006, Rao et al. 2007).
The aim of the study was to estimate the value of raw and processed spent
mushroom substrate for maize fertilization and soil fertility.
Materials and methods
Field’s trials were conducted in the 2008-2010 at the Experimental Station of
the Faculty of Agriculture and Biology in Skierniewice. The soil of Skierniewice
Experimental Station is mainly stagnic luvisol (according to FAO classification).
The plough layer of soil (0 - 25 cm) containing 14 - 17% of particles with diameter
< 0.02 mm, the eluvial horizon (Eet - 25- 40 cm) contains 10 - 12%, and the illuvial
(Bt – 45 - 70 cm) contains 25% of particles with diameter < 0.02. The soil characterized
by acid reaction (pH in 1 mol∙dm-3 KCl = 4.73) a medium abundance of available
forms of P (61.43 mg∙kg-1), and very high abundance of available forms of K (171.41
mg∙kg-1) and Mg (90.22 mg∙kg-1). Climatic conditions are given in the table 1.
Table 1. Average monthly temperature and rainfall during the vegetation period
Year

Month
IV

V

VI

VII

VIII

IX

Mean
IV-IX

Temperature in oC
2008

9.0

13.7

18.6

19.5

18.8

12.7

15.38

2009

10.5

13.6

16.2

19.8

18.5

14.8

15.57

2010

9.4

13.4

17.6

21.2

19.1

12.0

15.45

Rainfall in mm
2008

22.9

58.9

18.8

74.5

74.1

43.2

48.73

2009

11.2

51.0

136.6

89.9

49.8

30.3

61.47

2010

19.0

132.0

44.5

69.6

93.9

81.2

73.37
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Six fertilizer treatments and a control one, in four replications each was used in
the experiment. The fertilizer treatments include: spent mushroom substrate, spent
mushroom substrate composted with straw, spent mushroom substrate composted
with sewage sludge, farmyard manure and mineral fertilization. All fertilizers
were applied in three doses, corresponding to 100, 200 and 300 kg N ∙ ha-1. In the
experiment for three years maize of the KB1902 variety was cultivated. The test plant
was grown for silage. After maize harvest soil samples (from arable soil layer) have
been collected and analyzed for the pH value (in 1 mol∙dm-3 KCl) – potentiometric
method, hydrolytic acidity by Kappen method, exchangeable cations – after
extraction in CH3COONH4, available forms of phosphorus and potassium by EgnerRiehm method and magnesium by Schachtschabel method. Results of chemical
determinations were statistically analyzed using multifactor analysis of variance. To
assess differences between means were used Tukey’s test at the significance level p
= 0.05.
Results
All tested organic fertilizers have shown a positive effect on maize yield.
However, effect of the organic fertilizers was lower than that of the full mineral
fertilization (Table 2).
The compost produced from a spent mushroom substrate and sludge showed
the best impact on maize yield among all applied organic fertilizers. Yield obtained
after applying this compost was significantly higher than the yields obtained after
the application of other organic fertilizers and comparable with the yield obtained
with mineral fertilization. Regardless of the type of fertilizing the largest corn yields
were obtained at the highest doses of nitrogen in fertilizer. In condition of mineral
fertilization, the yield of maize obtained at the third dose was almost twice as high
as in the control object (Table 2).
The organic fertilizers applied in experiment improved chemical properties
of soil (Table 2). An increase in soil pH value as a result of organic fertilization,
but not of mineral fertilizers,was observed as compared to the control object. After
application of organic fertilizers the increase of the content of available forms of
macronutrients in soil in relation to the control object was observed. In the case
of potassium and magnesium, this increase was not statistically significant. After
applying the spent mushroom substrate and composts produced from this substrate
significantly increased the content of available forms of phosphorus in soil in relation
to the control object. In this objects abundance of soil in available phosphorus was
changed from the medium to high class.
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Table 2. Yield of maize and chemical properties of soil
Treatment

Control

SMS

Dose Yield
of N D.M.
kg
.
-1
N·ha-1 t ha

LSD0.05 for:
treatments
dose of N

CEC TEB

cmol(+) . kg-1

BS
%

54.64

89.73

2.17

7.99 10.16

79

100

6.92

5.53

170.91

63.63

74.38

2.10

9.04 11.15

81

200

7.61

5.81

182.53

75.17

103.72 1.91 10.71 12.62

85

300

9.36

6.06

199.55

73.18

102.90 1.71 11.59 13.30

87

184.33

70.66

93.67

1.91 10.45 12.36 84.33

7.96
100

5.84

5.17

177.57

74.92

86.46

2.17

9.39 11.57

81

200

7.16

5.62

184.82

73.17

96.13

2.50 10.36 12.86

81

300

7.71

5.73

188.36

81.71

119.41 1.84 12.11 13.96

87

183.58

76.60

100.67 2.17 10.62 12.80 83.00

6.90
100

7.53

5.74

185.44

74.67

102.87 1.92 10.54 11.98

88

200

8.48

6.16

194.72

78.25

105.49 1.68 11.32 12.77

89

300

10.13

6.26

202.39

81.34

107.16 1.73 13.11 14.12

93

194.18

78.09

105.17 1.78 11.66 12.96 90.00

8.71
100

5.96

4.83

179.51

58.17

65.42

2.89

7.55 10.45

72

200

8.13

5.04

172.38

61.73

103.95 2.04

9.57 11.61

82

300

8.86

5.23

197.04

63.66

88.77

1.97

9.22 11.19

82

182.98

61.19

86.05

2.30

8.78 11.08 78.67

7.65
100

6.51

4.81

172.92

54.62

91.96

2.10

8.25 10.36

80

200

10.02

4.73

146.48

54.65

87.15

2.37

9.31 11.68

80

300

10.74

4.75

147.56

63.61

75.79

2.63

8.87 11.50

77

9.09

155.65

57.63

84.97

2.37

8.81 11.18 79.00

100

6.55

177.27

65.20

84.22

2.24

8.95 11.10 80,40

200

8.28

176.19

68.59

98.81

2.10 10.25 12.31 83.40

300

9.36

186.98

72.70

99.29

1.98 10.98 12.81 85.20

Mean
Mean for
dose of N

mg . kg-1

Hh

170.04

Mean
Mineral
fertilization

Mg

4.71

Mean
FYM

P

5.36

Mean

Compost
(SMS+sewage
sludge)

K

-

Mean
Compost
(SMS+straw)

pH

1.782 0.396 34.819 12.009 35.882 0.903 1.721 1.259 8.361
1.142 0.253 22.309 7.694 22.990 0.578 1.103 0.806 5.357

SMS spent mushroom substrate
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In objects with mineral fertilization, the amount of available forms of K and
Mg in the soil was decreased in relation to control and other fertilizing objects.
The content of available forms of phosphorus in soil did not change in condition of
mineral fertilization (Table 2). Organic fertilization decreased the value of hydrolytic
acidity of the soil and improved soil sorption properties (CEC, TEB, BS). With
increasing doses of nitrogen applied in different fertilizers an increase of yield of
maize, increase of content of available forms of macronutrients in soil, and improve
the sorption properties of soil were observed. Among the studied fertilizers compost
made from spent mushroom substrate and sewage sludge showed the best impact on
improving the soil chemical properties.
Discussion
All tested organic fertilizers have shown a positive effect on maize yield. The
compost produced from a spent mushroom substrate and sludge showed the best
influence on maize yield among all applied organic fertilizers (Table 2). Many
authors corroborated beneficial effects of spent mushroom substrates in a variety
of agricultural crops (potatoes, beetroot, grain crops) (Drzał et al. 1983), vegetable
plants (tomatoes, cucumber) (Kryńska et al. 1983, Martyniak-Przybyszewska and
Wierzbicka 1996), and on the yield and botanical composition of meadow grassland
(Rak et al. 2001, Jankowski et al. 2004, Kalembasa and Wiśniewska 2006).
Spent mushroom substrate is a waste material rich in organic matter and nutrients
easily accessible to plants. Szudyga and Maszkiewicz (1987) reported that spent
mushroom substrate showed the nutrient content of about 0.5% N, 0,5% P2O5, 0.5%
K2O, 4–6% Ca and 18% of organic matter while its reaction was contained between
6.2–6.5. In Ireland, waste is applied to improve plant growth due to the beneficial
effect of spent mushroom substrate on soil properties and plant yields as much as
72% (Maher et al. 2000).
The organic fertilizers applied in experiment improved chemical properties of
soil (Table 2). An increase in soil pH value as a result of organic fertilization was
observed, and increase in the content of available nutrients was usually observed as
a result of organic fertilization as compared to the control object. Organic fertilization
lowered soil hydrolytic acidity, thus contributing to the increase in the cation
exchange capacity (CEC) of the sorption complex and its base saturation (BS).
The best fertilizing effect was found in the case of compost produced from spent
mushroom substrate and sewage sludge.
In accordance with Jordan et al. (2008), spent mushroom substrate contains
a high amount of easily assimilated forms of nutrients and organic matter, displays
neutral reaction and has a favourable C:N ratio as well as the low content of heavy
metals. Simultaneously, the above authors reported that N:P:K ratio in the examined
waste was 1.2:1:1.1. About 94% of nitrogen in spent mushroom substrate was present
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in an organic form (Steward et al. 1998). It was estimated that over a period of five
years following the introduction of spent mushroom substrate to the soil, about 30%
of organic nitrogen could be mineralized. The mineralization rate amounts to 15% in
the first year, 8% in the second year, 4% in the third year, 2% in the fourth year and
1% in the fifth year (Travis et al. 2003).
The application of spent mushroom substrates improves physico-chemical
and biological soil properties (Kalembasa and Wiśniewska 2004, 2006). It should
be emphasized that the waste in question contains even as much as up to 20% of
fertilizer lime, thus it has the soil de-acidifying values regardless its pH. Due to these
properties spent mushroom substrate appears to be a highly recommendable waste
for application in sandy and acid soils, which are typical of Poland’s rural areas
(Gapiński 1996). However, bearing in mind the considerable fluctuation of calcium
content in spent mushroom substrate it is indispensable that every application of
such a waste for soil de-acidification is preceded by the analysis of its chemical
composition (Jordan et al. 2008).
Conclusions
Based on the results of the investigation it was shown that fertilization with
spent mushroom substrates and composts made of these substrates increased yields
of maize as compared to the untreated combination. At the same time, these fertilizers
were shown to have favourable effect on the soil chemical properties in terms of
raising soil pH and increasing the contents of available forms of P, K and Mg. At the
same time, an improving of the sorption properties of soil was observed in condition
of investigated fertilizers application. Among the studied fertilizers compost made
from spent mushroom substrate and sewage sludge showed the best impact on yield
of maize and improving the soil chemical properties.
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SOIL PROPERTIES UNDER CROP ROTATION AND
PLANTATION OF NORTHERN HIGHBUSH BLUEBERRY DEPENDING
ON LONG-TERM FERTILIZATION

Lenart Stanisław, Figura Michał, Stępień Wojciech
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Abstract
The study was based on the long-term fertilization experiments carried on since
the year 1923 at the Experimental Station in Skierniewice. The main objective was
to assess soil structure and soil water retention with regard to different fertilizer
treatments applied to cereal-root crop rotation and the permanent plantation of
Northern highbush blueberry (Vaccinium corymbosum). The soil in rotation was
cultivated by ploughing while under the plantation was not cultivated at all. Since
1923, nitrogen has been applied to both fields in the form of ammonium sulphate.
The measure of soil structure was the stability of the aggregates selected into two
fractions, 3-1 and 1-0.5 mm by dry and wet sieving method. Soil under the permanent
plantation showed the best structure. In the arable crop rotation, full fertilization only,
including manure, NPK and liming improved considerably this soil characteristic.
Soil water retention, particularly measured at the water potential -10 and -33 kPa was
significantly higher under the permanent plantation. Soil structure alike, the highest
water retention capacity characterized the treatment with the full fertilization. Very
strong relationships between soil structure and water retention has been established.
Key words: fertilization, liming, soil structure, soil water retention
Introduction
The size and stability of soil aggregates are the most important physical soil
properties, determining such soil characteristics as porosity, compaction, water
retention and movement of water, air and warmth [Oades 1984]. Thus, it considerably
influences conditions of plant root growth and the activity of soil microorganisms
and fauna. The most favourable is a soil structure that consists of soil aggregates of
different diameter, well formed and resistant to impact of external factors. Most often
aggregate’s quality is assessed by its stability against destructive influence of water
[Six et. al. 2000]. Soil with a stabile structure is less prone to water and air erosion
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and make a good physical barrier against degradation of organic matter [Swift 2001].
Susceptibility of soil aggregates to washing is often used as an indicator of soil
degradation due to agricultural land use. Formation and stability of soil aggregates are
influenced by many factors, both natural (e.g. soil type, climate) and anthropogenic
[Tisdall and Oades 1982]. Numerous studies indicate positive effects of agronomical
measures such as organic fertilization, liming [Chan and Heenan 1999, Haynes and
Naidu 1998, Suwara et al. 2005], crop rotation, including perennial plants [Lenart
1997] and minimum soil tillage [Six et al. 1999], on soil aggregation and aggregate
water-stability.
Minimum soil tillage [So et al. 2009, Suwardji and Eberbach 1998] and
application of organic fertilizers [Haynes and Naidu 1998] are the agronomic factors
increasing the content and quality of soil organic matter. Organic matter plays a
vital role in building and stabilizing soil aggregates and what follows increasing
the soil water capacity [Bhogal et al. 2011]. Another decisive factor is soil liming,
which advantageous effect on soil aggregation and soil water properties is generally
recognized [Becher 2001, Suwara 2005].
In this study, the hypothesis has been formulated, that abandoning soil cultivation
under the permanent crop plantation as well as manure and limestone application in
the arable crop rotation would influence positively the soil structure and soil water
properties.
Materials and methods
The study was based on one of the long-term fertilization experiments
established in 1923 on the Experimental Field located in Skierniewice, Mazovia
Lowland, Poland. This is a flat area situated at app. 120 m above sea level, at the
latitude 51058’ N and longitude 20010’ E, with average annual precipitation 520 mm
and annual temperature 7.9oC.
Experiment includes three fields, AF1, AF2 and AF3 comparable with regard to
mineral fertilizer treatments, i.e. control, KN, PN, PK, NPK, NPK+Ca. Fields AF1
and AF2 are under the four-course crop rotation, potato, barley, buckwheat, rye. All
crops are cultivated traditionally in ploughing system. The only difference is that on
Field A2, since 1992 manure in the rate 30 t∙ha-1 has been applied every fourth year
in the potato field. The field AF3 is kept since 1977 under the Northern highbush
blueberry, permanent plantation. This field is not cultivated mechanically, irrigated
by droplet system and the weeds are controlled with herbicides. Since 1923 nitrogen
fertilizers are applied in the form of ammonium sulphate and lime is applied every
fourth year at the rate 2 tonne CaO∙ha-1.
The soil is a loamy sand of stagnic luvisol type (according to FAO classification)
formed on clay. In Poland, it is classified as a very good rye complex in IVa bonitation
class. The contents of silt (particles <0.02 mm) amounts to 16 % in an Ap soil horizon
to 11% in Et soil horizon and to 25 % in Bt and C horizons, respectively. The content
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of soil organic carbon in Ap horizon is 0.5-0.8%. Soil in the treatments without
liming is classified as strongly acid (pHKCl 3.5), while in limed treatments as acid
(pHKCl 5.0).
Undisturbed soil samples were taken on 27 August, 2008, from 7-12 cm soil
depth, into 100 cm3 steel cylinders (4 cylinders per each plot). The cylinders were
weighted with fresh and dried samples and from the difference, the soil water content
has been calculated. For evaluations of soil aggregate composition, air-dried soil
samples were sifted through a 10 mesh sieve and soil particles above 10 mm have
been removed. The remaining part of soil, was separated on a set of sieves with
the screens,7, 5, 3, 1, 0.5 and 0.25 mm. The ratio of specific aggregate fractions
was expressed as a weight percentage and the mean weight diameter of aggregates
(MWDa) and was calculated using the following formulae:
MWDa=
where: i – subsequent aggregate fraction, x–the mean diameter of successive aggregate
fraction, w – mass of water resistant aggregates of a given fraction, m– mass of the
soil sample.
The water stability of aggregates of fractions of 3-1 and 1-0.5 mm was measured
using a set of sieves placed in water on a separator constructed at the Institute of
Agrophysics Polish Academy of Sciences in Lublin [Walczak and Wikowska 1974].
Subjected to the scouring, the aggregates of the fraction of 3-1 mm disintegrated
into particles (products of disintegration) with diameters of 3-1, 1-0.5. 0.5-0.25,
0.25-0.05 and <0.05 mm, and aggregates of the fraction of 1-0.5 mm into particles
with diameters of 1-0.5, 0.5-0.25, 0.25-0.05 and <0.05 mm. From the products of
disintegration with diameters of 3-1 mm and 1-0.5 mm, sand fractions with diameters
of 3-1 mm and 1-0.5 mm, respectively, were removed. Next, separately for each
fraction, calculation was made of the mean weighted diameter of water-resistant
aggregates (MWDg 3-1 and MWDg 1-0.5) and the so-called coefficient of soil binding
particles (CSBP3-1 and CSBP1-0.5), according to the following formulae:
, where: i – successive fractions of water resistant aggregates
MWDg =
obtained through wet sieving, y – the mean diameter of successive fractions of water
resistant aggregates, k – mass of water resistant aggregates of a given fraction (taking
into account the correction for the sand fractions), p – mass of the sample of dry
aggregates (prior to the scouring),
where: A – mass of products of disintegration with
diameters of 3-1 or 1-0.5 mm, B – mass of sand fractions with diameters of 3-1 or
1-0.5 mm. The higher the value of CSBP, the greater the ability of the soil to bind
small-sized particles into water resistant aggregates.
The cylinders with the soil cores were wetted by capillarity to estimate the
capillary soil water capacity (CWC). Saturated soil samples were then used to
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measure soil water retention (% v/v), at water potential -10 kPa, -33 kPa and -100
kPa with the use of the 5-bar pressure plate extractor (Soil Moisture Equipment
Corp.). Finally, the soil was dried and from its mass, the soil bulk density (BD) and
total porosity (Pt) were calculated. Volume of soil pores of the diameter above 30 µm
was estimated as the difference between Pt and water content at water potential -10
kPa. Readily available plant water (RAWC) was estimated as the difference between
water retained at the water potential -10 and at the potential -100 kPa.
The results were statistically processed with one-way ANOVA using Statgraphics
Plus version 4.0. software. Significance of differences was verified by the Tukey test
at α=0.05. The means of treatments included into homogeneous groups were marked
by the same letter. Relationships between soil structure indicators and soil water
properties were calculated using correlation analysis.
Results

Soil structure

The data presented in table 1 indicate, that in aggregate composition of soils,
a relatively small ratio makes up the aggregates of the diameter 3-1 mm, while the
aggregates smaller than 1 mm prevailed.
Table 1. Soil aggregate composition
Cultivation

Crop
rotation

Fertilization

NPK

10-3
5.41 a
5.45 a
7.40 ab
10.9 ab
6.70 ab
12.1 ab
10.8 ab

NPK+Ca

16.4 b

NP
NK
NPK
NPK+Ca
NPK+FYM
NPK+Ca+FYM

Highbush
blueberry
plantation

% ratio of soil aggregates with
a given diameter in mm*
3-1
1-0.5
<0.25
10.7 ab 32.0 a 31.0 ab
10.3 a
31.1 a 32.7 b
11.0 ab 29.9 a 31.0 ab
12.8 ab 31.3 a 26.6 ab
12.0 ab 33.3 ab 28.2 ab
13.3 ab 30.8 a 25.8 ab
15.9 ab 37.6 b 19.4 a
15.8 b

33.0 ab

18.9 a

MWDa
mm
0.84 a
0.84 a
0.94 ab
1.17 ab
0.93 ab
1.23 ab
1.23 ab

%
89
89
100
124
99
131
131

1.52 b

162

*due to lack of differentiation, soil aggregates of fraction 0.5-0.25 are not included

Soil aggregate composition was influenced most favourably by permanent
cultivation of highbush blueberry fertilized with NPK+Ca (tab.1). To a smaller
extent, the full fertilization with manure, NPK fertilizers and liming applied in
crop rotation exerted also a positive effect on soil aggregation. It was expressed
in an increased ratio of a fraction of aggregates with the diameter above 0.5 mm,
and a decreased ratio of tinier aggregate fractions. As a result, the value of MWDa
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for the best treatments, both in crop rotation and under permanent plantation was
significantly higher than this value for the NPK and/or NPK +manure treatments in
crop rotation.
Parameters characterizing water stability of the aggregate fractions 3-1 and 10.5 mm are presented in tables 2 and 3.
Table 2. Aggregate water stability of fraction 3-1 mm depending on soil
fertilization and cultivation system
Cultivation
system
Crop
rotation

Highbush
blueberry
plantation

Fertilization

% ratio of soil particles with a given
diameter in mm*

MWDg3-1

3-1

1-0.5

0.5-0.25

<0.05

mm

%

NP

11.3 a

11.2 a

29.0 b

13.5 bc

0.476 a

85

NK

12.8 a

15.2 a

26.6 ab

15.3 c

0.519 a

93

NPK

14.9 a

14.5 a

26.1 ab

11.9 bc

0.557 a

100

NPK+Ca

11.0 a

16.7 a

29.0 b

9.10 ab

0.507 a

91

NPK+FYM

13.3 a

12.5 a

26.6 ab

12.1 bc

0.515 a

92

NPK+Ca+FYM

17.8 a

17.3 a

26.5 ab

9.10 ab

0.631 a

113

NPK

33.3 b

14.7 a

21.1 a

8.83 ab

0.892 b

160

30.6 b

19.3 a

24.3 ab

5.79 a

0.879 b

158

NPK+Ca

* aggregates of fraction 0.25-0.05 are not included

Table 3. Aggregate water stability in fraction 1-0.5 mm depending on soil fertilization
and cultivation system
Cultivation
system
Crop rotation

Fertilization
NP
NK
NPK
NPK+Ca
NPK+FYM
NPK+Ca+FYM
NPK
NPK+Ca

% ratio of soil particles with a given
diameter in mm
0.251-0.5
0.5-0.25
<0.05
0.05
18.0 a
46.7a
26.4 ab
9.00 ab
18.5 a
42.6 a
26.3 ab
12.7 b
17.9 a
46.6 a
26.5 ab
8.93 ab
18.2 a
42.5 a
31.7 b
7.90 ab
18.8 a
41.6 a
30.3 ab
9.40 ab
21.5 ab
43.5 a
27.2 ab
7.77 ab
34.1 b
37.2 a
24.5 ab
4.30 a
33.5 b
40.7 a
21.2 a
4.60 a

Highbush
blueberry
plantation
* aggregates of fraction 0.25-0.05 are not included

MWDg1-0.5
mm

%

0.352 a
0.341 a
0.351 a
0.345 a
0.345 a
0.367 ab
0.432 b
0.437 b

100
97
100
98
98
105
123
125
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The water stability of aggregates in both fractions was significantly the best in
the soil under permanent plantation. The prevalence of this type of soil management
over the arable crop rotation has been confirmed by all parameters included in tables
2 and 3. In the crop rotation, full fertilization with manure, NPK fertilizers and liming
slightly improved the aggregate’s resistance against washing with water. Soils liming
has a positive influence of aggregate’s water stability but only in crop rotation.
Table 4. Coefficient of soil binding particles (CSBP)
Cultivation system
Crop rotation

Highbush blueberry plantation

Fertilization

CSBP3-1

CSBP1-0.5

NP

28.6 a

37.5 a

NK

28.6 a

40.0 a

NPK

38.2 ab

41.9 a

NPK+Ca

34.9 ab

42.4 a

NPK+FYM

39.3 ab

51.4 ab

NPK+Ca+FYM

52.8 b

50.0 ab

NPK

75.6 c

68.3 b

NPK+Ca

74.5 c

64.9 b

The obtained values for another structure indicator, i.e. the CSBP coefficient
confirmed that water-stable aggregates formation was most favourably influenced
by the permanent highbush blueberry plantation, regardless fertilization (Table 4).
With regard to structure formation effects, next was fertilization NPK+Ca+FYM and
NPK+FYM applied to crop rotation.
Significant correlation was proved between the parameters characterizing the
quality of soil structure (Table 5). Therefore the conclusion can be drawn, that for
evaluation of soil aggregate stability suffices one aggregate fraction only. It seems
that this purpose is fulfilled the best by the fraction with bigger, 1- 3 mm diameter.
Table 5. Simple correlation coefficients between soil structure parameters, n=24,
α=0.01
Parameter

MWDa

MWDg3-1

MWDg1-0.5

MWDg3-1

0.468*

MWDg1-0.5

0.499*

0.879

CSBP3-1

0.738

0.864

0.810

CSBP1-0.5

0.738

0.705

0.748

* α=0.05

CSBP3-1

0.921
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Soil water retention
The values of soil bulk density (BD) and total porosity (Pt) varied in a relatively
small range and did not depend significantly on the treatments in experiment (Table
6).
Table 6. Soil physical properties with regard to fertilization and cultivation system
Cultivation
system

Fertilization

BD

Pt

Mg m-3
Crop rotation

WC

CWC

% v/v

NP

1.55 a

41.1 a

25,9 ab

8.51 a

23.5

a

NK

1.49 a

43.5 a

29.7 b

7.19 a

21.7

a

NPK

1.44 a

45.1 a

30.6 b

8.00 a

22.1

a

NPK+Ca

1.52 a

42.3 a

26.5 ab

9.16 a

28.0 bc

NPK+FYM

1.51 a

42.4 a

26.5 ab

10.0 a

24.9 ab

1.53 a

41.7 a

25.2 ab

9.90 a

26.8 abc

NPK

1.56 a

40.6 a

20.6 a

16.3 b

29.3 bc

NPK+Ca

1.49 a

41.7 a

21.5 a

16.5 b

32.0

NPK+Ca+FYM
Highbush
blueberry
plantation

Pores
with
ř >30
µm

c

BD – bulk density; Pt – total porosity; WC – soil water content at the time of sampling; CWC
– capillary water capacity (determined after capillary wetting of soil)

However, the volume of macro pores with the diameter above 30 µm was
significantly depended upon investigated treatments (Table 6). The lowest share of
macro pores was observed in the soil under the permanent plantation and the highest
in the soil under crop rotation fertilized with NK and NPK mineral fertilizers.
A decrease of soil macro pores to the total porosity ratio should result in improvement
of soil water conditions. Soil water content (WC) assessed at soil sampling depended
significantly on the experimental treatments. The most humid was the soil under
the permanent plantation, but this could result from the artificial irrigation of the
plantation, even if it was switched off 2 weeks before soil sampling. Soil water
content under the crop rotation did not differ significantly between the fertilization
treatments. Capillary soil water capacity (CWC) was the highest under the permanent
plantation. In crop rotation, application of manure and liming on the background of
NPK fertilization show the positive effect on this soil characteristic (Table 6).

Soil properties under crop rotation and plantation of northern highbush blueberry

53

Table 7. Water retention at matric potential -10, -33 and -100 kPa with regard to
fertilization and cultivation system
Cultivation
system
Crop rotation

Highbush
blueberry
plantation

Fertilization

-10 kPa
% v/v

-33 kPa

%*

% v/v

-100 kPa

%*

% v/v

RAWC

%*

NP

15.2 a

105

11.5 a

99 10.1 a

98

103 a

NK

13.9 a

96

10.5 a

91 9.06 a

88

96 a

NPK

14.5 a

100

11.6 a

100 10.3 a

100

83 a

NPK+Ca

15.7 a

108

12.3 a

106 11.0 a

107

95 a

NPK+FYM

15.9 a

110

12.8 a

110 11.1 a

108

96 a

NPK+Ca+FYM

16.5 a

114

13.2 a

114 11.8 ab

115

95 a

NPK

20.0 b

138 16.3 b

141 14.7 bc

143

106 a

NPK+Ca

21.8 b

150 18.9 b

163 17.1 c

166

95 a

*NPK applied to crop rotation=100% *NPK

Water retention capacity FWC was assessed at water potential -10 kPa and -33
kPa (Table 7). The water retention was the smallest for NK, NP and NPK treatments
in crop rotation. Manure and limestone exerted a positive influence on this soil
characteristic, but the highest values of FWC have been recorded in soils under the
permanent plantation. Soil water content was also assessed at water potential -100
kPa. At this content of water, its availability for plant is seriously limited due to the
high water binding forces.
The difference between water retained at water potential -10 kPa and that at
-100 kPa was used for calculation of readily available water content (RAWC) in 20
cm soil layer (Table 8). RAWC values did not depend on the experimental treatments
and changed rather haphazardly in the range 83 - 106 t ∙ha-1.
Correlation analysis reveals very strong and positive relationships between the
indicators of soil water properties (WC, CWC, water retention at water potential
-10, -33 and -100 kPa) and soil structure parameters (Table 8). The volume of macro
pores with the diameter above 30 µm is negatively correlated with soil structure
parameters and for bulk density and total porosity, this correlation is not significant.
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Table 8. Simple correlation coefficients between soil structure indicators and soil
water properties, n=24, α=0.01
Soil structure
indicators

Water retention at
WC

-10 kPa

-33 kPa

-100 kPa

Pores
with ř
>30 µm

CWC

BD

MWDa

0.645

0.767

0.751

0.756

0.769

-0.592

n.s.

MWDg 3-1

0.851

0.620

0.805

0.809

0.801

-0.629

n.s.

MWDg 1-0.5

0.743

0.556

0.729

0.737

0.735

-0.481*

n.s.

CSBP3-1

0.918

0.733

0.904

0.910

0.912

-0.760

n.s.

* α=0.05

Discussion
As follows from literature data, the physical properties of soil are favourably
affected by, among other things, fertilisation with FYM [Blair et al. 2006, Ekwue
1992, Leinweber et al. 1997, Lenart et al. 2005, Piechota 2005] and soil liming
[Chan and Heenan 1999, Haynes and Naidu 1998, Kuntal et al. 2008] applied
systematically over an extended period of time. In the study conducted on a light and
acid soil, where plough tillage was applied every year in a cereal-root crop rotation,
it was demonstrated that – compared to NPK – comprehensive NPK+Ca+FYM
fertilisation had a particularly favourable effect on the soil structure and the soil
water properties. Mineral fertilisation with an addition of FYM alone (NPK+FYM)
or calcium (NPK+Ca) gave worse effects than NPK+Ca+FYM. However, the effects
of NPK+Ca+FYM fertilisation were significantly lower than those achieved on the
permanent plantation of northern highbush blueberry, though the blueberry was
fertilised only with mineral fertilisers (NPK and NPK+Ca). Since no soil tillage
treatments were applied on the blueberry plantation, one can assume that it was
their lack that was the primary factor contributing to the formation of the best soil
structure and the greatest water retention capacity of the soil. Such a conclusion is
supported by abundant literature demonstrating a positive effect of no-tillage on the
water resistance of soil aggregates [Six et al. 1999, Suwardji and Eberbach 1998]
and on the soil water properties [Abid and Lal 2009, So et al. 2009]. That positive
effect of zero tillage of soil is related primarily with the favourable effect of that
tillage system on the total content of organic matter in soil and on the share of its
specific components, such as e.g. soil fauna, mycorrhizal fungi, particulate organic
matter, polysaccharides [Tisdall and Oades 1982].
In many studies lower soil density was observed in the case of fertilisation with
FYM than if mineral fertilisers only were applied [Lenart et al. 2005, Suwara et al.
2005]. Whereas, in the study presented herein FYM fertilisation as well as other
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fertilisation combinations applied in the crop rotation and on the blueberry plantation
had no significant effect on the density and the total porosity of the soil.
The study demonstrated a strong positive correlation between the soil structure
indices and the content of water in the soil at the moment of sampling, and the content
of water at soil water potential values of -10, -33 and -100 kPa. The study presented
here demonstrated also a negative correlation between the soil structure indices and
the content of pores with diameters >30 µm. It can be assumed that improvement of
aggregation and of the water resistance of aggregates of the light soil under analysis
is conducive to the formation of mesopores with diameters <30 µm, in which water
is retained, without simultaneous significant increase in the total porosity of the soil.
In effect, this resulted in an improvement of the soil water properties [Bescansa et
al. 2006].
In strongly acidified soils, an additional factor cementing soil particles into water
resistant aggregates could be the formation of aluminium phosphates, especially
in treatments including phosphorus fertilisation [Haynes and Naidu 1998]. That
additional structure-forming factor could cause that the water resistance of soil
aggregates in fertilisation treatments applied in crop rotation and under conditions
of plough tillage was not differentiated too strongly. However, the similar levels
of water resistance of soil aggregates obtained in the PN and PK treatments do not
indicate any positive effect of phosphorus fertilisers on that soil property.
It should be emphasised that the calculated so-called coefficient of soil binding
particles (CSBP), as one of the indices of water resistance of soil aggregates, is more
strongly varied with relation to fertilisation treatments and more strongly correlated
with the soil water properties than the mean weighted diameter of water stability
aggregate (MWDg).
Conclusions
1.

2.

3.

The permanent plantation of northern highbush blueberry, fertilised with
NPK and NPK+Ca, where no mechanical cultivation of the soil was applied
whatsoever, resulted in a significant improvement of the soil structure and a
significant increase of water retention capacity of the soil compared to the
NPK+Ca+FYM and the NPK+Ca and NPK+FYM fertilisation treatments
applied in the cereal-root crop rotation with plough tillage of the soil.
In the cereal-root crop rotation the comprehensive NPK+Ca+FYM fertilisation
had a more favourable effect on the structure and the water retention of the soil
than the NPK+Ca or NPK+FYM treatments. Fertilisation with NPK, NK or NP
alone had a negative effect on the water retention capacity of the soil.
The fertilisation treatments studied, applied both in the crop rotation and in the
blueberry plantation, had no significant effect on the bulk density and the total
porosity of the soil.
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4.

5.
6.
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The improvement of the water properties of the soil under blueberry plantation
and also in the crop rotation in treatments with FYM fertilisation and liming
was related with, among other things, a reduction in the content of pores with
diameters >30 µm in the soil.
A positive correlation was shown between structure indices and the current
water content in the soil and with the water content at soil water potentials of
-10, -33 and -100 kPa.
Favourable changes in the structure of the soil appear to be the primary cause
of the improvement in the water properties of the soil under study.
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THE EFFECT OF INCREASING DOSES OF MEAT-AND-BONE MEAL ON
THE YIELD AND MACRONUTRIENT CONTENT OF TIMOTHY GRASS
(PHLEUM PRATENSE L.)

Anna Nogalska
University of Warmia and Mazury in Olsztyn
Abstract
The effect of three increasing doses of meat-and-bone meal on the growth rate,
yield and macronutrient content of timothy grass (Phleum pratense L.) was studied
during a two-year pot experiment carried on in 2005–2006. Meat-and-bone meal was
applied in a doses 0.25, 0.5 and 1.0% per 10 kg soil at the beginning of the experiment
in 2005. The increasing doses of the meal contributed to a gradual decrease of the
grass dry matter yield, particularly in the first year of study. The highest (1%) dose
of the meal proved to be too high for timothy grass due to limiting the seed sprouting
and young plant withering. Timothy grass fertilized with higher doses of meat–andbone meal was characterized by the optimum content of nitrogen, magnesium and
calcium, high concentrations of phosphorus and sodium, and excess accumulation
of potassium in the biomass.
Key words: timothy grass, macronutrients, meat-and-bone meal.
Introduction
Meat-and-bone meal is rich in macro-and micro elements as well as in organic
substance, and hence it can be a viable alternative to mineral fertilizers containing
nitrogen and phosphorus [Fernandes et al. 2010, Górecka et al. 2009, Maćkowiak
2005]. In the recent years animal meals have been increasingly applied to improve
soil fertility, due to a ban on its use as fodder components. According to Jeng et
al. [2004], nitrogen supplied by meat and bone meal meets 80% of the nitrogen
requirements of grain crops. Owing to their beneficial influence on soil fertility and
plant production, animal meals could be used on a larger scale in farms where no
organic fertilizers are produced [Krzywy et al. 2004, Spychaj-Fabisiak et al. 2007].
The objective of this study was to determine the usability of meat-and-bone
meal in nutrition of timothy grass.
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Materials and Methods
In the years 2005–2006 pot experiment with timothy grass (Phleum pratense
L.) variety Climax was conducted in the greenhouse of the University of Warmia
and Mazury in Olsztyn. Modified Kick-Brauckmann pots were filled with 10 kg of
slightly acid (pHKCl 5.0) brown soil, developed from loamy sand, with a high content
of available phosphorus (85.0 mg P kg-1) and potassium (116.2 mg K kg-1) and an
average content of magnesium (28.0 mg Mg kg-1). Meat-and-bone meal containing
blood and feather hydrolysate powder was mixed in the proportions 0.25, 0.5 and
1.0% with soil, in the first year of the study, before plant sowing. The meal contained
96.0% dry matter, 71.4% organic matter, 27.6% crude ash, 13.4% crude fat, 7.88%
total nitrogen, 4.67% phosphorus, 0.34% potassium, 10.0% calcium, 0.68% sodium
and 0.20% magnesium. Mineral potassium fertilizer has been applied to all pots with
a meal, in the dose 1 g K∙pot in both years of the experiment. The control treatment
was fertilized each year with 1 g N (two doses of 0.5 g, before sowing and after the
first harvest), 0.5 g P and 1 g K per pot. Soil moisture in pots was maintained at a
level of 60% maximum capillary water capacity.
Timothy grass was harvested three times in each year and samples of biomass
have been analyzed for total contents of N, P, K, Ca and Na by common methods.
The data concerning dry matter yield and the content of nutrient were verified
statistically by one-way analysis of variance in a completely randomized design, in
four replications, at a significance level of p = 0.01.
Results and Discussion
Application of meat-and-bone meal influenced considerably the survival rate of
plants. The percentage of living plants decreased with increasing doses of the meal.
In 2005, all plants died in the pots with 1% of the meal, and this treatment had to be
excluded from the experiment. In 2006, timothy grass was sown in this treatment
again, and a small yield was harvested, just enough for chemical analyses. In the
similar experiments with meadow fescue and perennial ryegrass, fertilized with even
higher doses of meat-and-bone meal plants survived better [Nogalska, Czapla 2009,
Nogalska et al. 2011].
In the first year of the study, meat-and-bone meal applied in proportions of 0.25%
and 0.5% to the soil caused a significant yield decrease of the 1st cut (Table 1). The
yield of the 2end grass cut decreased as well, yet the differences against the control
treatment were insignificant. In the 3rd cut application of the meal in the proportion
0,25% to soil contributed significantly to the grass yield in comparison to the control
NPK treatment. As a result, the total yield of timothy grass from three harvests was
the highest in the treatments with 0,25 % meal proportion and out yielded this from
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the NPK treatment by 7%. Jeng et al. [2006] applying increasing meat-and-bone
meal doses in pot and field experiments reported a significant increase in the dry
matter yield of perennial ryegrass (Lolium perenne).
In the second year of the experiment, the effect of fertilizer treatments on grass
yield was to some extent conflicting. The direct, negative effects of meat -and -bone
meal faded away, and its nutritional value comes into a foreground (Table 1).
Table 1. The effect of meat and bone meal applied at increasing doses on the dry
matter yield of timothy grass in 2005–2006, g pot-1
Year

Treatment

2005

NPK
0,25%
0,25 0,5%
1%

LSD0,01
2006

NPK
0,25%
0,5%
1%

LSD0,01
Mean for
two years
*

NPK
0,25%
0,5%
1%

Harvest

Mean

I (IV)*

II (V)*

III (VI)*

14,00
10,45
8,75
-

16,35
13,55
7,55
-

5,32
14,27
7,95
-

11,89
12,76
8,08
-

3,18

n.i.

7,25

-

18,65
10,75
6,90
2,23

10,15
3,72
2,30
2,25

7,65
3,45
4,55
9,13

12,15
5,97
4,58
4,54

11,69

5,20

n.s.

-

16,32
10,60
7,82
1,11

13,25
8,63
4,92
3,77

6,48
8,86
6,25
4,56

12,02
9,36
6,33
3,15

harvests counted from the beginning of the experiment

The yield from the 3rd harvest (in 2005) recorded in the treatments with 0,25%
and 0,5% proportions of the meal were higher in comparison to NPK treatment. In
2006, the yield in these treatments gradually, from the fourth to sixth harvests (see
signs in table 1), decreased against the control treatment. It can be explained by
decreasing residual effect of the meal applied at the beginning of the experiment.
Opposite tendency was noted for the highest 1% proportion of the meal. In this
treatment, the yield of grass from the fourth harvest was still the lowest one, but from
the sixth harvest surpassed this from the control treatment. One can conclude that
the toxic effect of high amounts of the applied meals disappeared, and the nutritional
effect has manifested. The total yield of timothy grass dry matter from two years or
six harvests was, however, still the highest in the treatment with regularly applied
NPK fertilizers. A better effect of meat-and bone-meal was reported for meadow

2006
35,3
n.s.

n.s.

LSD0,01

40,6
28,7
36,4
35,3

34,3

36,5
27,2
36,7
36,9

n.s.

16,0

12,0
14,7
21,2

II

Mean

NPK
0,25%
0,5%
1%

n.s.

LSD0,01

20,0
19,1
18,9

19,3

NPK
0,25%
0,5%

2005

I

Mean

Treatment

Year

N

5,7

13,6

9,1
10,7
16,8
17,7

6,6

20,4

5,6
19,7
35,8

III

-

-

28,7
22,2
30,0
30,0

-

-

12,5
17,8
25,3

Mean

I

0,92

4,09

3,50
3,32
4,90
4,65

0,82

3,48

2,62
3,61
4,20

n.s.

4,01

3,40
3,61
4,22
4,80

n.s.

4,17

3,91
4,20
4,40

II

Harvests

P

1,64

4,65

2,55
3,90
6,33
5,82

2,01

4,00

2,94
2,95
6,10

III

Table 2. Nitrogen, phosphorus and potassium content in timothy grass, g kg-1 DM

-

-

3,15
3,61
5,15
5,09

-

-

3,16
3,59
4,90

Mean

n.s.

21,2

20,0
18,8
20,9
25,0

n.s.

41,1

41,4
44,2
37,7

I

11,3

33,6

23,4
23,1
39,6
48,3

7,8

34,3

26,2
38,8
38,0

II

K

18,5

38,7

23,7
26,2
49,5
55,5

11,3

40,3

27,8
45,0
48,1

III

-

-

22,4
22,7
36,7
42,9

-

-

31,8
42,7
41,3

Mean
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2006

1,73
1,80
2,03
1,60

1,79

n.s.

1,43

n.s.

Mean

LSD0,01

0,62

1,88

1,35
2,10
2,21

II

1,30
1,11
1,62
1,70

NPK
0,25%
0,5%
1%

n.s.

LSD0,01

1,80
2,04
2,10

1,98,

NPK
0,25%
0,5%

2005

I

Mean

Treatment

Year

Mg

0,31

1,69

1,40
1,74
1,61
2,01

0,91

2,51

1,80
2,90
2,82

III

-

-

1,48
1,55
1,75
1,77

-

-

1,65
2,35
2,38

Mean

4,4

7,0

3,5
3,6
7,9
13,4

1,8

10,3

8,7
10,6
11,5

I

5,6

7,2

4,3
4,0
11,2
9,2

3,1

10,2

5,9
10,8
14,0

II

III

1,3

5,9

3,2
4,6
5,9
9,8

3,2

10,6

7,5
11,5
12,9

Harvests

Ca

Table 3 Magnesium, calcium and sodium content in timothy grass, g kg-1 DM

-

-

3,7
4,1
8,3
10,8

-

-

7,4
11,0
12,8

Mean

0,40

0,36

0,39
0,12
0,49
0,43

n.s.

0,14

0,11
0,11
0,20

I

n.s.

0,27

0,11
0,10
0,63
0,22

0,21

0,42

0,32
0,33
0,60

II

Na

n.s.

0,49

0,19
0,47
0,46
0,85

0,20

0,44

0,31
0,40
0,60

III

-

-

0,23
0,23
0,53
0,50

-

-

0,25
0,28
0,47

Mean

62

Anna Nogalska

The effect of increasing doses of meat-and-bone meal on the yield and macronutrient

63

fescue and perennial ryegrass by Nogalska and Czapla [2009] and Nogalska et all.
[2011]. Furthermore, in the experiments of Górecka et al. [2009] and Stępień and
Mercik [2002], the yields of rapeseed, and triticale fertilized with animal meals were
similar or higher than in the control treatment.
The nutrient contents in the dry matter of timothy grass changed substantially
under the influence of fertilizer treatments (Table 2). The average nitrogen content
varied widely from 17.8 to 30 g N kg-1 DM, which suits to 11.15–18.7% protein. The
optimum protein content of Pheum pratense is claimed to be 16.24% [Falkowski et
al. 2000]. Timothy grass fertilized with the lowest dose of meat-and-bone meal was,
therefore, protein-deficient. In a study by Grzegorczyk et al. [1992], the average
protein content of several timothy grass varieties was 13.7% DM. In the first year
of the study, the nitrogen content in the biomass from the third harvest increased
significantly following the application of the meal in the proportion of 0.25% and
0.5%. Timothy grass was much more abundant in nitrogen in 2006 than in 2005.
Meat -and -bone meal applied in proportions of 0.5% and 1% contributed to a twofold increase in the nitrogen content in the third harvest dry matter, compared with
control treatment.
The average phosphorus content of timothy grass ranged from 3.59 to 5.15 g P
kg-1 in the dry matter, depending on meal rate (Table 2). According to Falkowski et al.
[2000], grassland hay should contain 2.8 to 3.6 g P kg-1. The phosphorus content of
the studied grass was higher than the above optimum values in treatments fertilized
with higher doses of meat-and-bone meal, but it remained within the range of 2.5–
5.0 g P kg-1 DM, adopted by the National Research Institute of Animal ProductionINRA [Nutrient Requirements of Ruminants 2009]. In the study with several grass
species, Radkowski et al. [2005] has found that timothy grass was characterized
by the highest phosphorus content. In the own experiment, a significant increase in
phosphorus concentrations was noted in the first and third regrowth of timothy grass
at the higher meat-and-bone meal rates. Stępień and Mercik [2002] demonstrated
that among various animals’ by-products, meat-and-bone meal gave the highest
increase in the phosphorus content of test plants.
The optimum potassium content of animal fodder is 17.0 g K kg-1 DM. Potassium
deficiency is seldom observed in grasslands, while excess potassium levels are quite
common [Falkowski et al. 2000]. The potassium content in timothy grass dry mass
was high, at 22.7 to 42.9 g K kg-1 DM, particularly in the treatments with a meal
(Table 2). However, it should be remembered that meal was supplemented by 1g
K∙pot-1 in every year of the experiment. In the first year of the study, all doses of meat
and bone meal led to a significant increase in the potassium content of the second and
third grass harvest. A significant residual effect of meat-and-bone meal applied at 0.5
and 1% proportion was noted also in the second year of the experiment with regard
to the second and third harvests. Excess potassium accumulation in timothy grass
has been reported as well by other authors [Grzegorczyk et al. 1992].
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The magnesium content of timothy grass ranged from 1.55 to 2.38 g Mg kg-1
DM, depending on the dose of meat-and-bone meal (Table 3). In animal nutrition, the
threshold value is 2.0 g Mg kg-1 DM of plants [Falkowski et al. 2000]. In the first year
of the study, timothy grass fertilized with an animal meals was characterized by a
higher magnesium content in comparison, with control treatment. In the second year,
timothy grass was less abundant in magnesium. The lowest and highest meal doses
contributed to a significant increase in the magnesium content of the third harvest
material. In the own study, potassium had no antagonistic effect on magnesium uptake
by timothy grass, in contrast to earlier findings regarding different grass species
[Grzegorczyk et al. 1992, Nogalska, Czapla 2009, Nogalska et al. 2011, Radkowski
et al. 2005].
The calcium content of timothy grass varied widely from 4.1 to 12.8 g Ca kg-1
DM (Table 3). The optimum value of 7.0 g Ca kg-1 DM [Falkowski et al. 2000] was
achieved in all treatments except for timothy grass grown in 2006 and fertilized
with the lowest dose of meat-and-bone meal. However, also in grass grown in
this treatment calcium content remained within the range of 3.4–8.0 g Ca kg-1 DM
[National Research Institute of Animal Production-INRA, Nutrient Requirements of
Ruminants 2009]. Both in the first and second years of the experiment, higher meal
doses generally contributed to a significant increase in the calcium content of the
timothy grass.
The sodium content of timothy grass fertilized with meat-and-bone meal was
optimal or higher than the generally recommended value of 1.5 to 2.5 g Na kg-1 DM
[Falkowski et al. 2000] (Table 3). In the first year of the experiment, the meal applied in
proportion 0.5% contributed to a significant (nearly two-fold) increase in the sodium
content of the second and third harvest material, relative to the control. In the second
year, sodium concentrations decreased significantly in the first harvest material after
the application of 0.25% meal. Plants fertilized with 0.5% and 1% proportions of
meat-and-bone meal accumulated the largest amounts of sodium. Radkowski et al.
[2005] also reported the optimum sodium content of timothy grass.

Conclusions
1.

2.

The results of the two-year experiment show that increasing doses of meat-and
-bone meal applied pre-sowing contributed to a decrease in the dry matter yield
of timothy grass, compared with mineral fertilization. The highest (1%) dose
of the meal proved to be too high for timothy grass due to limiting the seed
sprouting and young plant withering.
Timothy grass fertilized with higher doses of meat-and-bone meal was
characterized by the optimum content of nitrogen, magnesium and calcium,
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high concentrations of phosphorus and sodium, and excess accumulation of
potassium in the biomass.
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THE EFFECT OF SOIL FERTILIZATION WITH PHOSPHORUS
ON THE CONTENT OF SELENIUM IN WHITE MUSTARD PLANTS
(Sinapsis alba L.)

Barbara Patorczyk-Pytlik, Aldona Zimoch
University of Environmental and Life Sciences, Wrocław, Poland

Abstract
In the pot experiment, the impact of phosphorus fertilization on the yield and
the content of selenium in mustard plants were investigated. The soil substrate
was slightly acidic (pH KCl 6,3) sandy loam showing average content of available
phosphorus (55 mg P .kg-1) and a low content of selenium (143 μg.kg-1). Soil has been
enriched with selenium, using an aqueous Na2SeO3 solution in a dose of 240 μgSe.
kg-1. Phosphorus was introduced in triple superphosphate in doses of: 0, 0,08, 0,12,
0,16 and 0,24 g P. kg-1 of soil. The testing plant, grown twice in the same season was
white mustard variety “Claudia”. The lowest dose of phosphorus fertilizer increased
significantly the selenium content in the above-ground parts of mustard. However,
the following doses decreased almost proportionally the content of this element. At
the highest level of phosphorus fertilization, the selenium content was much lower
than in the control plants. The ratio Se:P narrowed with the consecutive phosphorus
doses, i.e. the accumulation of selenium declined in mustard plants well supplied
with phosphorus.
Key words: phosphorus, selenium, white mustard
Introduction
Currently, for most plant species selenium is not included in the group of
essential elements. Nevertheless, several studies have shown that this micro element
can have beneficial effects on plant growth and increase plant resistance to harmful
effects of high salinity and UV radiation [Hartikainen et al. 2000, Kopsell et al.
2000, Xue et al. 2001, Hu et al. 2003, Hartikainen 2005, Hawrylak and Szymańska
2007, Hawrylak-Nowak 2008, Lyons et al. 2009, Hawrylak 2007, Hartikainen and
Xue 1999]. Selenium also acts as an antioxidant, stimulating the activity of GSHPx and reducing lipid peroxidation [Hartikainen et al. 2000, Cartes et al. 2005,
Hawrylak and Szymańska 2007]. On the other side, plants grown in soil with a high
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content of selenium can absorb significant amounts of this element, which impair
their growth and development [Hartikainen et al. 2000, Terry et al. 2000, Cartes et
al. 2005, Hartikainen 2005, Germ et al. 2007, Dhillon and Dhillon 2009]. A high
level of selenium in plant tissues adversely affects protein synthesis [Terry et al.
2000], limits the amount of starch [Sharma et al. 2009], and also disturbs the ion
equilibrium in plants [Mikkelsen et al. 1989, Kopsell et al. 2000, Hawrylak-Nowak
2008, Pazurkiewicz-Kocot and Kita 2008, Filek et al. 2010].
The concentration of selenium in plants depends not only on the total content
of selenium in the soil, but also on other factors like soil pH, organic matter content
and the amount of other elements. [Yläranta 1983, Johnsson 1991, Terry et al. 2000,
Hartikainen 2005, Eich-Greatorex et al. 2007]. The possibility of an adverse or a
synergistic reaction between the selenium as well as sulphur and phosphorus are also
raised [Mikkelsen and Haghina 1987, Hoper and Parker 1999, Patorczyk-Pylik et al.
2009, Eich-Greatorex et al. 2010]. The concentration of selenium in plants depends
on the level of soil phosphorus [Liu et al. 2004]. Khattak et al. [1991]. Hopper and
Parker [1999] showed that application of phosphorus had a negative effect on the
plant uptake of Se, whereas work done by Carter [1972] and Singh [1979] showed
the opposite effect. According to Mikkelsen et al. [1989] and Liu et al. [2004] the
primary reason for a lower level of Se is that applying phosphorus causes a increase
of the crop yield, which creates a dilution effect.
White mustard has high nutrients, including phosphorus requirements, and
since the soil in Poland usually shows a low selenium content [Piotrowska 1984,
Patorczyk-Pytlik and Kulczycki 2009, Borowska et al. 2007], the decrease in the
Se content in plants can be expected. The aim of this study was to evaluate the
impact of increased levels of phosphorus fertilization on the selenium content in the
aboveground parts of white mustard plants.
Methods
The pot experiments have been carried on in Wagner’s type pots of five kg
capacity, filled with the sandy loam soil substrate. The soil was slightly acid (pH KCl
6,3) showing medium contents of available phosphorus (55 mg P.kg-1) and potassium
(128 mg K.kg-1) and a low level of magnesium (42 mg Mg.kg-1). The total content of
selenium was 143 μg.kg-1, which according to values reported by Piotrowska [1986],
Gupta and Gupta [2002], Patorczyk-Pytlik and Kulczycki [2009] qualifies this soil
as poor in this micro element. At the start the soil was enriched with selenium in an
aqueous Na2SeO3 solution with a dose of 240 μg Se.kg-1. Phosphorus was applied
in the triple superphosphate with doses of: 0, 0,08, 0,12, 0,16 i 0,24 g P.kg-1 of soil.
Mustard of the “Claudia” variety was sown twice in vegetation season, the next
after harvest of the previous one. The soil in pots was enriched with 0,4 g N.kg-1 of
soil (NH4NO3), 0,4 g K.kg-1 (KCl) and 0,06 g Mg.kg-1 (MgSO4.7H20). Additionally,
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at each sowing two doses of potassium and magnesium and four doses of nitrogen
fertilizer were applied (in 0,05 g N.kg-1 of soil).
Harvesting was done at the flowering stage. Plant material was collected and dried
at room temperature, and the samples prepared according to the method described
in the Annex to the Regulation of MR and RW dated January 23, 2003 [Dz.U.66,
poz. 614]. The content of selenium was determined by the AAS hydrogen generation
method on a Spectr AA 220FS Varian spectrometer with a VGA-76 attachment. The
total level of phosphorus after dry mineralization and the level of mineral phosphorus
after extraction with 2% acetic acids were determined calorimetrically, with the
vanadium-molybdate method.
All analyses were performed in two replications in samples collected from each
pot. The results were performed statistically by analysis of variance, using Tukey’s
test at significance level p=0,05. Statistical package STATISTICA has been applied.
Results and Discussion
The application of phosphorus fertilizers affected the yield as well as the level
of phosphorus and selenium in the plants under study; however, the degree of impact
was dependent on the applied dose of P and the time of mustard sowing (Table 1).
Table 1. Yield, content and uptake of total and mineral form of phosphorus and
selenium by aboveground parts of mustard

gP.kg-1
soil
term

*

Content of P
g.kg-1

Yield
g d.m./pot
I*

II**

0

46,9

15,4

0,08

55,9

0,12

Uptake of P
mg per pot

I

II

Uptake
Se
μg per
pot

49,2

197

243

13,0

214

93,6

248

296

21,1

2,11

252

116,1

226

269

20,0

1,14

2,24

268

129,5

210

250

17,8

3,42

1,30

2,59

295

147,1

186

216

16,6

78,9 2,85

2,89

0,94

2,08

230

107,1

213

255

17,7

3,9

0,20

0,09

0,16 13,1

7,92

7,2

5,5

1,19

P total
Σ

I

P mineral

P
P
Total Mineral

II

I

II

62,3 1,85

2,18

0,54

1,55

121

24,3

80,2 2,65

2,70

0,84

1,92

54,0

28,9

82,9 3,08

2,97

1,02

0,16

53,5

30,6

84,1 3,19

3,17

0,24

54,8

30,1

84,9 3,50

mean

53,3

27,8

LSD
p0,05

1,7

2,4

0,17

early sowing date in the spring
late sowing date, after harvest of the 1st one

**

Content
of Se
μg.kg-1
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The mass of the aboveground parts of the white mustard plants from the late
sowing reached between 25% (control group) and 36% of the total yield. For both
sowing dates the yield of dry matter was the lowest from the soil in the control
treatment. The total yield slightly increased with increasing doses of phosphorus
fertilizers.
The content of both total and mineral phosphorus in mustard dry matter and
the uptake of this element have significantly increased, along with consecutive
phosphorus doses (Table 1). The share of mineral in the total phosphorus content
was much higher in the plants from second (72%), then from the first (33%) date of
sowing. This share slightly increased with increasing doses of phosphorus fertilizers.
Singh [1979] also reported an increase in the mineral forms of P in the total content
of P when the applied doses of P fertilizer were increased.
In both sowing periods, the plants grown in soil with the addition of 0,08 g P.kg1
contained significantly more selenium than the plants grown on unfertilized soil
(Table 1). Similar correlations were found by Carter et al. [1972]. As the amount
of applied phosphorus further increased there was a decrease in the selenium
level in the mustard plants. However, only at the highest level of fertilizer (0,24 g
P. kg-1) the content of selenium was significantly lower than in the control plants.
Patorczyk-Pytlik et al. [2009] reported a decreasing level of selenium in maize plants
concurrently with increasing doses of phosphorus fertilizers. The same author in
a study with alfalfa plants reported that the highest level of selenium in the plants
occurred after applying 0,12 g P. kg-1 to the soil. In a study using hydroponics cultures,
Hopper and Parker [1999] found that adding phosphorus had a negative effect on the
uptake of selenium by Trifolium fragiferum and Lolium perenne. Different results
were obtained by Liu et al. [2004]. In comparison to plants without phosphorus
application, the dose of 0,08 g P.kg-1soil caused a drop in the amount of Se, but when
the dose of 0,4 g P .kg-1 was applied the authors noted an increase in the Se content
in the roots and aboveground parts of Oryza sativa plants. Phosphorus fertilizers,
in the own research increased the uptake of selenium by mustard plants (Table 1).
Depending on the dose of phosphorus the selenium uptake was by 1,6, for the lowest
to 1,3, for the highest P dose, times greater than the uptake by the control plants. The
same plant reaction was observed by Mikkelsen et al. [1989]. Liu et al. [2004] claimed
that such reaction was caused by the fact that phosphorus fertilization stimulated the
growth of the root system, which increased the capacity for the uptake of nutrients,
including selenium.
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Table 2. Relation of Se (μg Se . 100) uptake by mustard plants to accumulated P
total and P min. (mg P)
P Total

g P. kg-1
soil

Sowing date
I

II

0

10,7

11,2

0,08

9,3

0,12

P min.
Σ

Sowing date

Σ

I

II

10,8

36,5

15,7

26,4

11,0

9,8

29,4

15,4

22,5

7,4

9,0

7,9

22,3

12,8

17,2

0,16

6,6

7,9

7,0

20,0

11,2

15,5

0,24

5,3

6,3

5,6

14,7

8,3

11,2

mean

7,9

9,1

8,3

24,6

12,7

18,6

NIR; LSD p 0,05
dose of P I
term of
cultivation II
I x II

0,52
0,23
0,49

0,81

1,93
0,86

2,33

1,82

In order to determine the dependencies between the uptake of selenium and the
amount of phosphorus applied, we calculated the ratios of these components in the
tested plant tissues. Due to the low numerical value of the Se content, the value was
multiplied by 100 (Table 2). In assessing the value of this ratio calculated for the
total uptake it can be stated, that compared to the value specified for white mustard
harvested from control soil (without P), plants grown in soil with the addition of
0,08 g P .kg-1 at 1 mg taken -total, they took 9% more, and at 1 mg of Pmin 15%
less selenium. With the increase of the applied dose of phosphorus significantly
decreased the calculated value of the ratio. At the highest level of fertilization on
the 1 mg P-total mustard assimilated 46% more, and at 1 mg of Pmin 58% less of
this micronutrient than the control plants. The decrease in the level of the tested
microelements in sample plants was significant for the first sowing, while samples
taken from the second sowing showed a similar value in both the overall level of P
and the mineral form of P. Assessing the impact of contact time of phosphate and
selenite (IV) with soil on the ratio P-total: Se can be concluded that at all levels of
fertilization mustard grown in the second period at 1 mg P-total took approximately
20% more selenium than plants and in the first harvest (Table 2). This indicates
stronger phosphate absorption than selenite (IV) by the solid phase of soil [EichGreatorex et al. 2010, Yläranta 1983]. Changes of phosphate and selenite (IV) in
soil, which occurred during the growing season of plants, differentiated the ratio
of accumulated mineral phosphorus and selenium by mustard. At all levels of
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phosphorus fertilization the ratio Pmin: Se determined for plants collected in the first
period was approximately twice greater that calculated for the second period (Table
2).
Conclusions
1. Applied phosphorus fertilization had a positive effect on the yield of mustard
plants, increasing both the uptake and the content of this element in plants.
2. The selenium content in the white mustard plants depends on dose of phosphorus
fertilizer. A low dose of fertilizer (0,08g.kg-1) increased, while the larger ones
decreased the content of this microelement.
3. Along with an increase in the uptake of the phosphorus in total as well as for
the mineral forms of this microelement, there was a decrease in the uptake of
selenium in white mustard plants
4. The calculated ratio of the collected P: Se showed that with the increase in
uptake by mustard both P-total and Pmin. decreased the amount of accumulated
selenium. At the highest level of phosphorus fertilization (0.24 g P. kg-1) at 1 mg
taken P-total plants accumulated an average of 46%, and at 1 mg of Pmin. of
58%, less selenium than mustard the control object.
5. The reduced uptake of selenium in the white mustard plants, to a large degree,
was determined by the accumulated level of phosphorus in mineral forms rather
than the overall level of phosphorus.
.
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Effect of different long-term organic and mineral
fertilization systems on productivity of crops GROWN
ON LIGHT SOIL

Wiera Sądej, Katarzyna Przekwas, Anna Namiotko
University of Warmia and Mazury in Olsztyn
Abstract
The study dealt with yields of crops obtained in a permanent static field experiment
established in the year 1973 at Tomaszkowo near Olsztyn. Three fertilization systems
have been compared, organic (farmyard manure, slurry), mineral (NPK) and mixed
organic and mineral (slurry + PK, manure + PK). Two rates of slurry were tested,
rate I balanced according to N content with FYM and mineral fertilizers and rate II
balanced according to carbon content with FYM. Additional mineral fertilization (P
and K) was applied in a dose equal to half of a rate applied in NPK fertilizers.
Slurry in rate II produced the highest cereal unit yield, nearly two-fold higher
than in control treatment. The yield of potato tuber in the NPK treatment exceeded,
however, that in the treatment with natural fertilizers. For potato additional PK
fertilization proved to be the most effective in combination with slurry in rate, I.
Spring barley, winter wheat, winter rape, rye and maize responded better to the
application of slurry in rate II than to the treatments with slurry in rate, I, FYM or
NPK. The most effective was 1 kg of nitrogen originated from the slurry in rate, I and
NPK. It was slightly less effective in FYM and two-times less effective then nitrogen
in the slurry applied at rate II.
Key words: longterm fertilization, farmyard manure, slurry, NPK fertilization
Introduction
The actual crop yield depended on a number of factors, including soil abundance
in nutrients. To a large extent, the pool of available nutrients in soil is conditional
on the type and size of fertilizer rates [Ellmer et al. 1999, Mercik et al. 2003, Sądej,
Mazur 2003].
Mineral fertilization is one of the main agricultural measures, which affects the
yield of crops [Kochurko 2009]. Long-term application of mineral fertilizers, not
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properly balanced may depress crop yields [Szulc et al. 2006]. Moreover, mineral
fertilizers produce the best results in the year of application, whereas the effect of
natural fertilizers lasts for many years [Sienkiewicz et al. 2005]. Among the natural
fertilizers, the most valuable one is farmyard manure, which contains all macro- and
micronutrients necessary for plants’ growth [Araji et al. 2001]. Apart from increasing
crop yields, farmyard manure is beneficial for soil properties [Shirani et al. 2002,
Khan et al. 2007]. Another natural fertilizer important in fertilization is the slurry.
Daudén and Quílez [2004] claim that the effect of slurry on plant yields is similar
to that of mineral fertilizers, while Fotyma et al. [2006] suggest that application of
slurry is even more effective than mineral fertilization.
Many authors emphasize that the highest yields are obtained with combined
organic and mineral fertilization [Dong et al. 2006, Amujoyegbe et al. 2007,
Blecharczyk et al. 2008]. Several studies have demonstrated that in a proper crop
rotation system, the effect of farmyard manure is similar to that produced by mineral
fertilizers [Blecharczyk, Małecka 2005]. The stability of plant yields can be evaluated
most reliably in long-term field experiments, especially when different cultivation,
fertilization and crop rotation systems are applied [Berzsenyi et al. 2000].
The purpose of this experiment has been to determine the effect of long-term
organic, mineral and mixed organic and mineral fertilization systems on the crop
yields.
Material and methods
The research material consisted of yields of crops grown in a permanent static
experiment set up in Tomaszkowo near Olsztyn in 1973. In the experiment, the
mineral, organic mineral and mixed organic and mineral fertilization systems have
been compared. Organic fertilization involved farmyard manure and two rates of
swine slurry. The dose of slurry in rate I was determined according to the amount of
nitrogen introduced to soil with FYM and mineral fertilizers. Slurry in rate II was
balanced with FYM in terms of carbon added to the soil. The natural fertilizers were
supplemented with P and K in the mineral form (slurry in rate, I + PK, slurry in rate
II + PK and FYM + PK) in the amount equal to half of the dose applied in the NPK
treatment.
The crops were grown in rotation potato, spring barley, winter rape, winter
wheat, and winter rye as catch crop, maize for silage, spring barley and winter wheat.
This article discusses yields of the crops obtained in the fifth rotation cycle, i.e. in the
years 2002–2008. Farmyard manure had been applied in the amount of 23.6 Mg ha-1,
slurry at rate I in the amount of 37.2 Mg ha-1 and slurry at rate II in the amount of
103.4 Mg ha-1. The yearly amounts of nutrients introduced to soil with the fertilizers
during the 36 years, since the establishment of the experiment and in the years 20022008 covered by this paper are presented in table 1.
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The results of the study underwent statistical processing with a STATISTICA
software package. The least significant differences (LSD) were determined at the
level of significance p=0.05.
Table 1. Amounts of nutrients introduced to soil with mineral and natural
fertilizers, kg ha-1

Treatments

Yearly means 1973–2008
N

P

K Mg Ca

Total

Yearly means 2002–2008
N

P

K Mg Ca

Total

Slurry rate I

132 54

81

18

27

312

127 98 139 19

30

413

Slurry rate + PK

132 74

139 18

27

390

127 120 202 19

30

498

Slurry rate II

395 163

232 51

79

920

387 298 342 46

86

1159

Slurry rate II +PK

395 183

290 51

79

998

387 320 405 46

86

1244

Farmyard manure

132 43

104 20

37

336

127 61 120 17

59

384

Farmyard manure
+ PK

132 63

162 20

37

414

127 83 183 17

59

469

NPK

132 40

116

-

288

127 43 125

-

295

-

-

Results and discussion
Productivity of crop rotation
All fertilization systems caused a significant increase in the productivity of crop
rotation, expressed in cereal units (Table 2). Slurry applied in rate II, balanced with
manure according to the amount of organic carbon, had a more positive effect on total
crop yields compared with FYM and slurry in rate I, balanced with FYM according
to the amount of nitrogen. In the treatments with slurry in rate II, the yield in cereal
units was almost twice so high as in the control treatment. Generally, slurry proved
to be better fertilizer in the whole crop rotation as manure and/or mineral fertilizers.
However, the effect of investigated fertilizer systems was somewhat different for
individual crops grown in rotation. Łabętowicz et al. [1999] found that farmyard
manure fertilization had a more positive effect on plant yields in comparison to
imbalanced mineral fertilizers.
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Table 2. Total crop yield in cereal units obtained in the years 2002–2008
Treatments

Total

Yearly means

Relative

No fertilization

154

22.0

100

Slurry rate I

271

38.7

176

Slurry rate I + PK

298

42.6

194

Slurry rate II

304

43.4

197

Slurry rate II+ PK

323

46.2

210

Farmyard manure

250

35.8

163

Farmyard manure + PK

250

35.7

162

NPK

270

38.6

175

LSD

62.0

8.86

-

Potato
For the potato crop, application of mineral fertilization proved to be more
effective compared to the natural fertilizers (Fig.1) . The yields of tubers were higher
on the farmyard manure then on the slurry at rate II. In this rate of slurry three-times
more nitrogen was introduced in comparison to farmyard manure, which induces
stronger growth of the aerial plant parts at the expense of tubers.
Additional PK fertilization produced the best effect in the treatment where the
slurry was applied in the rate I. In the study reported by Blecharczyk et al. [2008],
fertilization of potato with farmyard manure, combined with mineral fertilizers had
a positive effect on the yield of tubers. Similar conclusions have been formulated by
Janowiak et al. [2009], who demonstrated that mineral fertilization combined with
manure caused a higher increase in the yield of potato tubers than mineral fertilization
alone. However, Kołodziejczyk et al. [2007] proved that mineral fertilization had a
better influence on potato tuber yields than farmyard manure.
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1 no fertilization, 2 slurry in rate I, 3 slurry in rate I + PK, 4 slurry in rate II,
5 slurry in rate II +PK, 6 farmyard manure, 7 farmyard manure + PK, 8 NPK
Fig. 1. Yield of potato tubers, Mg ha-1 (in the year 2002)
Spring barley
The fertilization systems increased the yields of main and by-product of spring
barley (Fig. 2).
4
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3,5
3
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2.58

3.79

2.97

2.85

2.63

2.76

2.62

2,5
2

2.16
1.56 1.51

1.79

2.33

2.18
1.75

1,5

0.88

1

0.61

0,5
0

1

2

3

4

5

grain

6

7

8

LSD

straw

Fig. 2. Yield of spring barley, Mg ha-1 (means for 2 years).
Explanations under figure 1.
The yield of grain was modified somewhat differently than that of straw. Slurry
had a better effect on grain yields than farmyard manure and mineral fertilizers.
The highest grain yield was harvested in the treatments with both slurry rates, also
amended with PK fertilizers. Mineral fertilization had a smaller effect on barley
grain yield than slurry but higher than that produced by manure. The yield on mineral
fertilizers was nearly by fifty percent higher in comparison to the control treatment.
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The yield of barley straw revealed a different pattern. Although the better effect of
slurry compared with FYM was also proven, higher straw yields were harvested
from the treatments with slurry in rate II. Mineral fertilization gave a similar straw
yield as obtained from the treatment with slurry in rate I.
Blecharczyk and Małecka [2005] showed that long-term farmyard manure
fertilization ensured higher spring barley yields compared to the yields on mineral
fertilization. This dependence has not been verified in the present study, because
the yield of grain and straw was higher in the NPK treatment than in the treatment
with manure. Positive influence of farmyard manure on spring barley yields is
also reported by Sienkiewicz et al. [2005], who demonstrated that regular manure
application raised the grain yield of spring barley by nearly 15%.
Winter wheat
3).

Yields of winter wheat were highly dependent on the fertilization system (Fig.

5
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4
2.74

3
2

3

3.49

4.23
3.61

4.58
3.97
3
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2.95

3.08

3.02

1.9 1.77
0.98

1
0

3.3

1

2

3

4

5

grain

6

7

8

0.95

LSD

straw

Fig. 3. Yield of winter wheat, Mg ha-1 (means for 2 years). Explanations under Fig. 1
The highest yield of winter wheat grain has been harvested in the treatment
fertilized with slurry in rate II. In this treatment, the yield was 90–109% higher than
in the control one. A slightly lower grain yield was obtained from the treatment with
slurry in rate I supplemented with PK fertilizers and even from the treatment on
slurry in rate I, only. The grain yields of wheat grown on FYM and/or on slurry in
rate I was comparable. Similar dependences have been found for the yield of straw
yield. Increasing rates of slurry caused an increase in straw yield while farmyard
manure gave a worse effect then mineral fertilizers.
Suwara et al. [2007] showed that the yield of wheat grain depended on the fore
crop. The higher yield of this cereal has been obtained from plots cultivated after
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red clover than after winter rape. Mixed organic and mineral as well as mineral
fertilization systems raised significantly the yield against the unfertilized treatment.
Such relationship has also been demonstrated in the own study.
Winter rape
Organic and mineral fertilization raised significantly the yield of winter rape
seeds (Fig. 4).

8
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6

7.62

6.74

7.35
5.64
4.83

5

3.5

4
3

1.98
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1
0
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1.61

2.08

2.09
1.39

0.64
1

1.19

1.37
0.23

2

3

4

5

seeds

6

7

8

0.92

LSD

straw

Fig. 4. Yield of winter rape, Mg ha-1 (in the year 2004 ) Explanations under the table 1.
The most favorable effect on seed yields was exerted by slurry in rate II, which
caused a 3.3- fold increase of the seed yield against the control treatment. Slightly
lower seed yield has been recorded in the treatments with slurry in rate I and even
lower in the treatments with manure and NPK fertilizers. The FYM and NPK
fertilization systems increased the yield of seeds by 117% and 114%, respectively.
Additional mineral fertilizers applied either with slurry or with farmyard manure,
had a little effect on the seed yields compared with exclusively organic fertilization.
The yield of winter rape straw ranged between 1.98 and 7.62 t ha-1. The highest
straw yield was harvested from the treatment fertilized with slurry in rate II. The
application of mineral fertilization raised the straw yield by 185% against the control.
Fertilization with manure had a smallest effect on straw yield in comparison to other
fertilization treatments.

Wiera Sądej, Katarzyna Przekwas, Anna Namiotko

82

Rye for green matter and maize
The yield of rye green matter harvested from the treatments fertilized with
slurry was higher than from the treatments with FYM or mineral fertilizers (Fig.
5). The application of slurry in rate II, balanced with FYM in terms of introduced
organic carbon, had a better effect on yield than slurry in rate I, NPK or FYM.
An increase in rye green matter in the treatment amended with slurry in rate II
compared to the control was over four-fold. The application of slurry in rate I raised
the rye green matter yield by 219%. A similar yield increase was recorded for the
treatment with mineral fertilizers. The influence of farmyard manure on rye yields
proved to be weaker than that produced by slurry or mineral fertilizers. Additional
mineral fertilization increased the yield of rye green matter, but only when applied
in combination with slurry. Blecharczyk et al. [2004] obtained the highest yield of
winter rye from treatments fertilized with FYM supplemented by mineral fertilizers.
No significant differences were found between the yield harvested from the treatment
fertilized with FYM and mineral fertilizers alone.
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20

0

39.5

37.7
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15.73

14.8

9.26

8.62

11.36

3.6

1

1.94

2

3

4

5

rye

6

7

8

6.16

LSD

maize

Fig. 5. Yields of green matter rye and maize, Mg ha-1 (in 2006 year).
Explanations under Fig. 1
The yield of maize green matter was within the range of 24–54 Mg ha-1 (Fig.
5). The highest maize yield was recorded in the treatment slurry in rate II, where
the yield was 1.9-fold higher than in the control treatment. Mineral fertilizers raised
the maize yield by 71%. Farmyard manure and slurry in rate I had a similar effect
on maize green matter yields, raising them by 65% and 58%, respectively. Addition
of PK to natural fertilizers produced a positive effect only when added to soil in
combination with slurry.
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Felczyński [2005] obtained the highest maize yields on mixed fertilization
with manure (60 Mg ha-1) and mineral nitrogen (60 kg N ha-1), where the total yield
was 56.7 Mg ha-1. Higher rates of manure alone but not of manure supplemented
with mineral nitrogen increased significantly the maize yields. Positive influence
of farmyard manure on maize has also been shown by Khan et al. [2007] as well
as Shirani et al [2002]. Grzebisz et al. [1993] claimed that maize yields did not
differ significantly between organic and mineral fertilization systems, whereas the
physiological effectiveness of nitrogen and potassium originating from the slurry
was much higher compared to mineral fertilizers. According to Lithourgidis et al.
[2007], slurry fertilization significantly increased maize yield compared with the
control, and its effect was similar to that produced by mineral fertilization. Daudén
and Quílez [2004] demonstrated that application of slurry and mineral fertilization
produced similar results on maize yield. This dependence has also been noticed in
the present study, where in the treatments with slurry in rate I and NPK similar
yields were recorded. Additional mineral fertilizers with slurry raised the yield of the
maize, but no such relationship was observed in the treatment with FYM.
Agronomical efficiency of fertilizers
The highest efficiency of 1 kg N was obtained for slurry in rate I and NPK (Table
4). Slightly less effective was the nitrogen derived from farmyard manure, which was
half as effective as nitrogen from slurry rate II. Additional PK in combination with
the natural fertilizers produced a positive effect only in the case of slurry rate I.
The productivity of 10 Mg of natural fertilizers ranged between 4.20–15.2 cereal
units. The highest productivity was found for farmyard manure, where it was 1.5fold higher than that for slurry in rate I and 3.6-fold higher than for slurry in rate
II. The additional mineral fertilizers proved to have the most favorable effect for
slurry in rate I. In this treatment, the phosphorus-potassium fertilization enhanced
the productivity of 10 Mg of fertilizer by 1.05 cereal unit.
Filipiak and Fotyma [2006] showed that crop yields were largely affected by crop
rotation. Yields of cereal crops and potato grown in a rotation system with clover were
much higher than in a system with maize. The effect of FYM and mineral fertilizer
was stronger in a crop rotation system with maize, whereas nitrogen originating
from mineral fertilizers produced better effects than that from farmyard manure. The
volume of yields depended on the uptake of nitrogen from different sources.
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Table 4. Effectiveness of 1 kg N introduced to soil with fertilizers and productivity
10 Mg of organic fertilizers in cereal units

Treatments

Effectiveness of 1 kg N

Productivity 10 Mg of
organic fertilizers

Yield in cereal units
Slurry rate I

0.31

10.41

Slurry rate I + PK

0.34

11.46

Slurry rate II

0.12

4.20

Slurry rate II +PK

0.12

4.47

Farmyard manure

0.29

15.17

Farmyard manure + PK

0.29

15.13

NPK

0.31

-

Szulc et al. [2006] proved that long-term application of mineral fertilization alone
led to a gradual decline in crop yields. In contrast, soil liming had a positive effect
on crop yields whereas farmyard manure application led to yield stabilization and
the increase in crop yields versus the treatment not enriched with FYM was 240%.
Fotyma et al. [2006] analyzed maize yields and observed that slurry-originating
nitrogen applied in rates which fully covered the fertilization requirements of the
crop was significantly more productive compared to mineral fertilization.
Conclusions
1. The fertilization raised the yield of all the crops grown in rotation. The yield
increase was on average from 22 to 46 cereal units annually.
2. Among the fertilizers with which an identical nitrogen rate was introduced, the
mineral fertilizers and slurry had a better yield-stimulating effect than farmyard
manure.
3. The effects of 1 kg nitrogen introduced to soil in the form of slurry rate I, FYM
and NPK were comparable. The yield of cereal units generated by 1 kg of nitrogen
originating from slurry rate II was over two-fold lower than that obtained after
the application of any other tested fertilizer.
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4. Productivity of 10 Mg of natural fertilizers was more strongly dependent on the
rate than the type of a fertilizer. Slurry applied in the dose balanced with FYM
in either nitrogen or carbon introduced to soil had a much less favourable effect
than FYM. The application of phosphorus and potassium fertilization proved to be
more beneficial only in combination with slurry rate I.
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INFLUENCE OF DIFFERENT FERTILIZATION SYSTEMS AND LIMING
ON POTATO TUBER YIELD AND YIELD STRUCTURE

Żołnowski Andrzej Cezary, Sądej Wiera, Namiotko Anna
University of Warmia and Mazury in Olsztyn

Abstract
The aim of the study has been to evaluate the influence of long-term application
of three fertilization systems on the volume and structure of potato tuber yield. The
first system was based on natural fertilizers, farmyard manure (FYM) and slurry,
both from a swine farm; the second one included natural fertilizers supplemented
by PK fertilizers in half the dose of these elements in the NPK treatment and the
third one consisted exclusively of NPK mineral fertilizers. The control treatment
was unfertilized. The experiment consists of two series, without liming and with
liming under winter wheat preceding potato in the crop rotation. In the paper, the
results obtained in the fifth rotation cycle are presented. Significantly increased tuber
yield appeared under all fertilization systems. Slurry supplemented by PK fertilizers
increased the yield of potato tubers in comparison to FYM alone or FYM with PK
fertilizers. The highest yield was achieved in the treatment with slurry rate II (balanced
in terms of the amount of organic carbon introduced to soil in farmyard manure),
supplemented by PK fertilizers. Liming increased the tuber yield by 2.9 Mg∙ha-1in
all fertilization treatments except FYM+PK. On average, marketable tubers made
up about 90% of the total potato yield. The highest yield of marketable tubers was
found in the treatment with slurry rate I (balanced in terms of the amount of total
N introduced to soil in farmyard manure)+PK. Liming had some effect on calcium
accumulation in potato tubers and on the process of tuber formation, increasing the
total number of tubers.
Key words: slurry, farmyard manure (FYM), potato yield, potato yield structure
Introduction
Over the last years, the share of cereal crops in Poland has been rising steadily,
while that of tuber and root crops has been on the decline. As a result, cereals now
make up about 70% of all grown crops, whereas the share of tuber and root crops
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equals ca 6% [Main Office of Statistics 2011]. The latter crops, however, help to
maintain a constant level of humus in soil. Potato and sugar beet respond positively
to natural and organic fertilizers. The recommended dose of manure under potato,
i.e. 30 Mg ha-1, covers a substantial part of the crop’s nutrient requirements.
Among the natural fertilizers used in potato cultivation, swine and cattle slurry are
mentioned. Due to its high content of nitrogen and phosphorus, potentially harmful
to the environment, slurry is listed in the Nitrates Directive [1991] as a fertilizer
whick application must be regulated. The Nitrate Directive states that crops grown
in the EU countries may be fertilized with slurry up to the amount which supplies
170 kg N ha-1 annually. When applying natural fertilizers, the farmer should pay
attention to maintaining a proper balance of fertilizer rates, supplementing nutrient
deficits with mineral fertilizers. According to Wierzejska-Bujakowska [1998], the N:
P:K ratio in production of table potato should be 1.0:0.4:1.3. In slurry, this ratio is
usually 1.0:0.3:0.8 [Nowacki et al. 2005], and therefore this natural fertilizer should
be supplemented by additional amounts of phosphorus and potassium in the mineral
form.
The yield and quality of potato tubers are most strongly affected by nitrogen.
By having a profound impact on the growth of plants’ green parts, responsible for
photosynthesis, a good supply of nitrogen may lead to a high yield of tubers [Oliveira
2000]. However, the quality of tubers is worse when nitrogen is not adequately
balanced with other nutrients [Sowa-Niedziałkowska 2000]. An excessive nitrogen
supply delays the ripening of tubers, decreases the content of starch, protein,
polyphenols, citric acid or vitamin C and increases the content of sugars, free amino
acids and nitrates [Porter and Sisson 1993, Zebarth et al. 2004]. Another consequence
is the diminished saturation of cell walls with lignin, which impairs the resistance of
tubers to mechanical damage and increases their vulnerability to diseases. However,
Chmura [2000] claims that an excess of nitrogen decreases the share of small tubers
and increases the percentage of larger, marketable ones. According to Ozgen and
Palta [2004], formation of tubers can be adversely affected by elevated nitrogen
fertilization. High temperature has a similar, negative effect on tuber formation,
while a short day photoperiod favours this process Ewing, Struik 1992, Jackson
1999, Ozgen, Palta 2004].
It has not been completely elucidated yet how environmental and agronomic
factors influence potato tubers. Some authors suggest an important role of plant
hormones, e.g. gibberellic acid (GA) in this process. A high level of GA in plant
tissues inhibits this process, while less gibberellin improves tuber formation. It has
been clearly demonstrated that the effect of GA is strictly connected with the level
of intracellular calcium (cytosolic Ca). Calcium is responsible for the integrity of
cell membranes and when present in the form of a complex with protein kinase,
called calmodulin (calcium-modulated-protein), this element affects the growth and
development of plants. Hence, it can also influence the process of tuber formation
and consequently the structure of potato tuber yield [Jackson 1999].
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The aim of this research was to determine the effect of different fertilization
systems on the yield of potato tuber and the yield structure.
Material and methods
A permanent field experiment has been carried out at the Experimental Station
Tomaszkowo near Olsztyn (53°42’35” N, 20°26’01” E) since 1973. The design of
the experiment was developed by Professor Teofil Mazur, from the Department
of Environmental Chemistry, UWM Olsztyn. The experiment was established
on acid brown soil originating from loamy sand classified as good rye complex.
In the World Reference Base for Soil Resources, this soil belongs to Cambisols
Brown Soils [FAO 2006]. The design of the experiment (Table 1) was as follows:
A) control treatment, B) slurry rate I,balanced every year in terms of the amount
of nitrogen added to soil in farmyard manure (F) and NPK (H), C) slurry rate I +
˝PK introduced to the soil with NPK fertilization (H), D) slurry rate II, balanced in
terms of the amount of organic carbon introduced to soil in farmyard manure (F),
Table 1. Design of the experiment and amounts of nutrients supplied annually (means
for 1973-2009)
Treatments
A
B
C
D
E
F
G
H

Without fertilization
Slurry I rate
Slurry I rate+PK
Slurry II rate
Slurry II rate+PK
Farmyardmanure (FYM)
FYM+PK
NPK

N

P

K
Mg
-1
kg∙ha ∙year
56
84
18
77
147
18
168
240
50
190
302
50
45
108
19
66
170
19
43
124
-

Ca

-1

133
133
393
393
133
133
133

26
26
77
77
37
37
-

E) slurry rate II +˝ PK introduced to the soil with NPK fertilization (H), F) farmyard
manure – a dose of N equal to the N introduced with slurry rate I (C) and NPK (H),
G) farmyard manure + ˝ PK introduced to the soil with NPK fertilization (H), H)
mineral fertilizers NPK (every year, the PK dose was calculated according to the
fertilizer needs of the plants). The experiment comprises two series, without liming
and after a single liming treatment in 2006 (2.7 Mg ha-1 of chalk containing 55%
CaCO3).
The crops were initially grown in an eight-year and then in a seven-year crop
rotation system. In the first rotation system, the following plants were grown: potato,
spring barley + under sown clover with grasses, clover with grasses, winter oilseed
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rape, winter wheat + rye after crop, maize grown for silage, spring barley, winter
wheat. The second and subsequent rotations did not comprise red clover with grasses.
In the sixth rotation cycle, i.e. in 2009, the medium-early, edible potato cv. Cekin
was grown.
The yield and share of small (less than4 cm in diameter), medium (4–6 cm in
diameter) and large (above 6 cm in diameter) tubers were determined. The samples
of tubers were washed, dried at 65oC, ground and wet digested according to EPA
method 3052 [EPA 1996]. The Ca concentration was determined by flame atomic
absorption spectroscopy.
The results were processed statistically by analysis of variance ANOVA with
Duncan test, at the level of significance α=0.05, using STATISTICA v.9.0 package
[StatSoft 2009].
Results and Discussion
The potato cultivar Cekin, grown in this experiment, was entered into the Polish
register of cultivars in 2004. The research carried out at the IHAR and COBORU
has demonstrated that an average yield produced by this cultivar is 43.2 Mg ha-1
[Chotkowski, Stypa 2010].
In the authors’ own research, the highest tuber yield was 25 Mg∙ha-1 in the
unlimed series and 30 Mg∙ha-1 in the series with liming (Fig. 1). Liming significantly
increased the yield of tubers in all the fertilization treatments (on average by 2.9
Mg∙ha-1) except the treatment with farmyard manure supplemented with PK
fertilizers (treatment G). Slurry gave higher increases of tuber yield than manure, on
average by more than 5.26 Mg∙ha-1. Slurry applied in the rate balanced with FYM
in carbon (treatment D) gave a better effect than in the rate balanced with FYM in
nitrogen (treatment B). Supplementing slurry, but not farmyard manure, with PK
fertilizers caused a further increase in the tuber yield. Mineral fertilization proved to
be better than farmyard manure, particularly in the series with liming. These results
are somewhat contradictory to those presented by Willekens et al. [2008], who
compared the effect of slurry and FYM in rates balanced in nitrogen and showed
that slurry had a weaker effect on tuber yields than FYM. In their experiment, the
yields harvested from slurry-fertilized plots were on average 1.5 Mg∙ha-1 lower than
from plots with farmyard manure application.
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A– without fertilization, B – slurry rate I, C – slurry rate I +PK, D – slurry rate II
E –slurry rate II +PK, F –FYM, G –FYM+PK, H – NPK
LSD (α=0.05)for fertilization system 5.49, for liming 2.74,for interaction 7.77

Fig. 1. Effect of liming under different fertilization systems on the yield
of potato tubers.
The fertilization systems had a significant influence on the content
of calcium in tubers of the analyzed potato cultivar (Fig. 2). The lowest
calcium concentration, 0.30 mg Ca kg-1d.m., was determined in tubers from
the control plot (treatment A). In the treatments with slurry rate I, slurry
rate I supplemented with PK fertilizers (treatments B and C) and with

LSD (α=0.05)for fertilization system 0.078, for liming 0.038, for interaction 0.110

Fig. 2. Effect of liming under different fertilization systems on the concentration
of Ca in potato tubers.
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mineral fertilizers only (treatment H), the concentration of Ca in tubers increased
significantly. However, the highest concentrations of Ca were found in the treatments
with the higher rate of slurry, also supplemented by PK fertilizers, and in the treatments
with FYM. The soil liming treatment generally contributed to a large increase in the
Ca concentration in tubers. A particularly high concentration of Ca was found in
tubers fertilized with FYM, also supplemented by PK fertilizers (treatments F and
G). In the tubers from these two treatments, the concentration of calcium rose by
0.30 and 0.29 mg, respectively, compared to the treatment without soil liming.
With a constant number of plants per hectare, in this experiment 40 thousands
plants, the final yield of tubers depends on the number of tubers per plant and the
average weight of one tuber, or the share of tubers in different weight (diameter)
classes (Fig. 3). The number of tubers per plant was the highest in the treatment with
mineral fertilizers (treatment H), followed by the treatments with slurry, and the
lowest in treatments with FYM.

LSD (α=0.05)for fertilization system 5.19 for liming 2.74, for interaction not significant

Fig. 3. Effect of liming under different fertilization systems on the number and
diameter of tubers per plant.
Soil liming had a varied influence on the total number of tubers from a single
plant. Potatoes harvested from the control plot and from the treatment with NPK
(H) responded to liming by a significant increase of the total number of tubers per
plant (Fig. 3), owing to a higher number of small tubers <4 cm: 136% and 53% more
than in the unlimed and limed series, respectively. The results of our trials seem to
verify the hypothesis expressed by Jackson [1999], who suggested that the presence
of calcium stimulates tuber formation. The number of tubers obtained under the
influence of a preceding soil liming treatment increased in relation to the unlimed
series by an average of 2.1 tuber∙plant-1. On the plots amended with slurry rate I+PK
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(treatment C) and FYM+PK (treatment G), soil liming led to a smaller number of
tubers per plant. This effect may be attributable to the supplementary phosphorus
fertilization, with superphosphate which contains calcium.
Some other parameters of the yield structure are the size and/or weight of a
single tuber. According to the regulations [Journal of Law, 2003], the minimum size
of table potato tubers should be no less than 35 mm for round tubers. For oblong
ones, the transverse diameter should be at least 30 mm while the longitudinal
diameter should be double the length of the transverse one. In the authors’ own
research, tubers were divided into three fractions: less than 4cm, 4–6 cm and above
6 cm.The term „marketable tubers” refers to the two latter fractions. The structure
of tuber yield has been expressed as the per cent share of weight of tubers in a
given fraction versus the total weight of tubers (Table 2) or as the per cent share of
the number of tubers in a given fraction versus the total number of tubers of all the
analyzed fractions (Table 3). Marketable tubers made up on average 90% of the total
weight of tuber yields both in the series with and without liming (Table 2). The share
of large tubers, above 6 cm in diameter, in the yield was on average about 23% on
soil without liming and around 29% on soil with limestone application. Moreover,
liming largely reduced the share of small tubers, less than 4 cm in diameter. The best
effect on the mass of marketable tubers was produced by the fertilization with the
lower rate of slurry (treatment B) and slurry plus PK fertilizers (treatment C).
Table 2. Effect of different fertilization systems on the structure of tuber yield, weight %
Treatments
A
B
C
D
E
F
G
H

Without fertilization
Slurry rate I
Slurry rate I +PK
Slurry rate II
Slurry rate II +PK
(FYM)
FYM+PK
NPK
Mean

LSD(α=0.05)
for fertilization system
for liming
for interaction

<4 cm
2.95
n.s.
n.s.

Without liming series
<4 cm 4–6 cm >6 cm
14.42
67.02
18.56
7.36
65.70
26.94
8.00
63.33
28.67
9.38
68.63
21.99
10.61
68.50
20.89
8.57
71.87
19.55
9.34
69.54
21.12
7.83
67.01
25.15
9.44
67.70
22.86
Tuber size
4–6 cm >6 cm
n.s.
n.s.
3.69
4.19
n.s.
n.s.

Liming series
<4 cm 4–6 cm >6 cm
18.72
60.81
20.46
7.64
65.02
27.34
8.00
50.89
41.11
8.34
62.92
28.74
6.58
59.69
33.73
9.17
63.46
27.38
10.35
62.12
27.53
9.99
62.99
27.02
9.85
60.99
29.16
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Regarding the quantitative aspect of tuber yield structure, each 100 tubers in the
series without liming consisted of about 9% of large tubers, 65% medium-sized ones
and 26% small tubers (Table 3). Liming contributed to some increase in the share of
large tubers at the expense of medium ones, whereas the percentage of small tubers
did not change. Soil liming applied to the plot which was annually amended with the
higher rate of slurry and supplementary PK fertilization (treatment C) had the most
favorable effect on tuber yields concerning the quantitative aspect.
Table 3. Effect of different fertilization systems on the structure of tuber yield,
quantitative %
Series without liming
<4 cm 4–6 cm >6 cm
32.44
59.42
8.14
22.36
66.67
10.96
26.40
61.46
12.14
27.38
64.31
8.32
28.01
61.65
10.34
23.89
67.60
8.51
26.63
65.26
8.11
23.56
68.83
7.62
26,33
64.40
9.27

Treatments
A
B
C
D
E
F
G
H

Without fertilization
Slurry rate I
Slurry rate I +PK
Slurry rate II
Slurry rate II +PK
(FYM)
FYM+PK
NPK
Mean:

Series with liming
<4 cm 4–6 cm >6 cm
49.01
44.91
6.08
23.36
64.98
11.66
13.94
65.93
20.13
23.56
63.63
12.81
20.80
64.22
14.99
29.74
57.58
12.68
28.12
60.07
11.81
29.19
61.70
9.11
27.21
60.38
12.41

Tuber size
<4 cm

4–6 cm

>6 cm

for fertilization
system

5.90

6.09

n.s.

for liming

n.s.

3.04

2.35

for interaction

8.35

n.s.

n.s.

LSD(α=0.05)

Conclusions
1. The best effect on the volume of tuber yields was obtained by slurry rate II
balanced with FYM in organic carbon and supplemented with PK mineral
fertilizers. Additional soil liming, performed under winter wheat, significantly
improved the yields of potato, especially the ones obtained from the above
treatment.
2. The volume of marketable potato tubers was most positively affected by slurry
rate I+PK. The weight share of marketable tubers (>4 cm) in this combination
was 93.91%. In the limed series, the highest percentage of such tubers occurred
under the influence of slurry rate II + PK, where it reached 93.44%.
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3. Soil liming significantly raised the concentration of calcium in tubers, except the
ones harvested from the plots treated annually with FYM or FYM + PK.
4. Potatoes harvested from the plots not treated with natural fertilizers (control
object and the treatment with NPK) responded to liming by a significant increase
of the total number of tubers per plant. This increase was achieved owing to a
higher number of small tubers <4 cm (136% and 53% more than in the unlimed
series, respectively).
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THE EFFECT OF LONG-TERM FARMYARD MANURE STORAGE
DIRECTLY ON THE GROUND ON THE POLLUTION OF SOIL
AND WATER BY MINERAL FORMS OF NITROGEN
Stefan Pietrzak
Institute of Technology and Life Sciences, Falenty, Poland.
Abstract
In the period from autumn 2007 to autumn 2009, the impact of farmyard manure
heaps situated directly on sandy soil on soil and ground water pollution with mineral
forms of nitrogen has been investigated. This method of manure storage results in the
highly pollution of the soil profile up to 90 cm and the ground water with nitrate and
ammonium nitrogen. Hence such method of manure storage must not be continued
for a longer period of time.
Key words: cattle farmyard manure, FYM storage, soil and groundwater pollution,
nitrate nitrogen, ammonia nitrogen
Introduction
Farmyard manure (FYM) contains approximately 5 g N·kg-1 in fresh weight.
Manure is a good source of nitrogen, important as a fertilizer in crop production but
improperly managed may pose a serious threat for the environment. This includes
pollution of groundwater and surface water with the excess of mineral nitrogen. The
most serious are environmental problems related to heaps of FYM situated directly
on the ground. Wastewater leaking through or rinsing such heaps infiltrate to the soil
or flow around. Wastewater contains large amounts of nitrogen compounds, which
pollute the ground and surface water. The impact of manure heaps situated directly
on the ground on soil and water quality well recognized, but still a number problems
need to be clarify. This study aim to assess the impact of long-term storage of cattle
FYM seated directly on sandy soil, on water pollution and soil enrichment by mineral
forms of nitrogen (N-NO3 and N-NH4), being in the zone of its influence.
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Materials and methods
The study was conducted from autumn 2007 to autumn 2009 in central part of
Poland on the permanent place for cattle manure storage. In this place soil was a
sand, inhomogeneous as shown with the following three profiles of soil:
1) 0-5 cm - humus level, 5-15 cm - silt loam, 15-35 cm – gley silt loam, sand
medium 35-60 cm;
2) 0-20 cm - humus level, 20-42 cm - silty sand, 42-52 cm – gley sandy loam,
52-75 cm - medium sand;
3) 0-35 cm - humus level, 35-38 cm - medium sand, 38-75 - sandy loam,
75-87 cm - medium sand with organic inserts.
For about 20 years, until 2007, the heap of manure was managed through
a regular addition and removal of the farmyard manure. The manure was collected
from the cattle barn and removed for application for crops. In 2008, only a small
amount of FYM was added and since 2009, the heap has not been in use.

W3

- well
- storage yard contour;
- ditch

W1

- road

Arable land

W2

Barren land

Grassland

Figure 1. Outline location of storage yard of FYM with water sampling points,W1, W2,W3
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In autumn 2007 and 2008 and in spring and autumn 2009 soil samples have
been taken from the soil profile 0–90 cm., under the manure heap and the area close
to it. Groundwater level was determined and sampled from three wells (Fig. 1.)
at monthly intervals. During the investigations, depending on the monitoring point
20 to 25 series of water samples were collected. Mineral forms of nitrogen have
been extracted from the fresh mass of soil using a 1% solution of potassium sulfate
(K2SO4). The content of nitrate nitrogen (N-NO3) and ammonia nitrogen (N-NH4)
was determined in water samples and soil extracts by the colorimetric method using
an automated flow analyzer.

Results and discussion
A considerable soil enrichment in mineral forms of nitrogen was found as a
result of long-term manure storage, directly on the sandy ground (Fig. 2, 3).

Content of mineral nitrogen, kg N/ha

600,0

572,5

500,0
storage yard
background

400,0
293,3

300,0
178,7

200,0
100,0

166,8
112,5

82,4

54,8

24,3
0,0
Autumn 2007

Autumn 2008

Spring 2009

Autumn 2009

Period of soil samples

Figure 2. Content of mineral forms of nitrogen (Nmin = N-NO3 + N-NH4)
in the soil from storage yard and from place located several meters away
from it (background).
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Content of mineral nitrogen, kg N/ha

600,0
514,1
500,0
storage yard
background

400,0
300,0
231,2
200,0
100,0

158,5
57,7

41,0

19,7

72,2
14,9

0,0
Autumn 2007

Autumn 2008

Spring 2009

Autumn 2009

Period of soil samples

Figure 3. Content of nitrate nitrogen (N-NO3) in the soil from storage yard
and from place located several meters away from it (background).
Depending on the sampling period mineral forms of nitrogen (Nmin = N-NO3 +
N-NH4) were by 6.9, 7.3, 2.6, 3.0 times higher and nitrate nitrogen by 8.9, 8.0, 5.6,
4.9 times higher in the samples from under the heap in comparison to its surrounding.
The greatest pollution of soil under the heap with mineral nitrogen occurred in
autumn 2007, shortly after manure removal. After reduction in adding manure to the
heap in 2008 and then after stopping supply of manure at the storage yard in 2009 the
Nmin and N-NO3 content in the soil has been reduced considerably, but still remained
at the high level. Similar results concerning mineral nitrogen accumulation in soil
under the stored manure, was found in the study of Sapek [1998].
Manure stored in a heap affected also the groundwater quality. This effect varied
depending on year of study and location of monitoring point. In 2008, the highest
average content of nitrate nitrogen was found in groundwater from well W3 located
outside storage yard, and in 2009, the largest concentration was measured in well
W1 situated inside of the storage yard (Table 1).
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Table 1. Average content of N-NO3 in groundwater at monitoring points in 2008
and 2009
Monitoring
point
W1
W2
W3

Year

Number of
samples

2008

7

2009

N-NO3 content in ground water, mg N-NO3⋅dm-3
average

SD

max

min

48,2

55,0

123,0

0,3

13

27,0

24,5

77,2

1,3

2008

12

2,5

2,4

9,3

0,1

2009

13

2,2

1,4

4,3

0,5

2008

12

78,1

188,9

668,1

0,4

2009

13

5,5

4,3

12,9

0,7

SD standard deviation

In both years, the smallest amount of N-NO3 appeared in the well W2 situated
at the edge of the storage yard. The concentration of N-NH4 was the highest in
2008, at the control point W3 situated close to the manure heap (Table 2). Relatively
large amounts of ammonium have been recorded in both years at the control point
W2. Maximum concentrations of nitrate and ammonium nitrogen in water samples
reached around 670 mg of N-NO3⋅dm-3, and 130 mg of N-NH4⋅dm-3 respectively.
Table 2. Average content of N-NH4 in groundwater at monitoring points in 2008
and 2009
Monitoring
point
W1
W2
W3
SD standard deviation

Year

Number of
samples

2008

N-NH4 content in groundwater, mg N-NH4⋅dm-3
average

SD

max

min

7

6,7

9,2

24,0

0,1

2009

13

0,7

0,6

1,8

0,1

2008

12

7,7

4,4

14,1

0,2

2009

13

4,1

3,8

12,2

0,1

2008

12

11,1

37,4

130,0

0,1

2009

13

2,1

3,1

10,6

0,0
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Relatively large amounts of nitrate and ammonium nitrogen present in water from
the well W3 located outside storage yard, can be explained by depth of groundwater
level. In the years 2008 and 2009, the average level of groundwater table at this point
was lower than at points W1 and W2 (Figure 4). Therefore one can assume that due
to hydraulic water flow the mineral forms of nitrogen accumulate in the water from
the well W 3.
Year

2008

2009

0

Groundwater level, cm

10
20
30
40
50

51,0

60
70
80

51,8

49,2

59,1
70,8

71,0
W3

W2

W1

Figure 4. Average level of groundwater table in measuring- wells in 2008
and 2009.
Data concerning the pollution of groundwater caused by long-term manure
storage on the ground, confirms the outcomes of the similar studies accomplished
by Sapek A. and Sapek B. [2007]. These authors have carried on the two to seven
years-long monitoring program in 36 livestock type farms located in different
regions of Poland. In the wells dug close to the dunghill, they have found the average
concentration of nitrate and ammonia nitrogen, from 7 to 37 mg N-NO3·dm-3
and from 5,2 to 53,0 mg N-NH4·dm-3, respectively.
Conclusions
The results of the study showed that long-term storage of manure in the heap on
the sandy ground, caused a serious pollution of soil and groundwater with mineral
nitrogen forms. Two years after reduction in the amount of collected manure and
after liquidation of the heap, the content of mineral nitrogen in the soil within the
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storage yard significantly decreased. Still, however, it was significantly higher than
outside this yard. The same regularities concern the concentration of nitrates and
ammonium ions in the groundwater. Pollution of groundwater by these ions occurred
not only in the place of manure storage, but also outside it, in the horizontal direction
of migration of pollutants in the soil profile.
From practical point of view, the obtained results indicated that for preserving
the water-quality manure should not be stored directly on the ground in the same
place over a long period of time. In this context, it should be noticed, that from the
formal and legal side the problem of appropriate methods of manure storage is still
not solved. According to the article, 25 Acts 2 on fertilizers and fertilization [2007],
the requirement of storing manure on waterproof manure pit is obligatory for IPPC
farms only [IPPC]. The other holdings with livestock production are free from this
obligation. It would be desirable to change the legislation and to extend it on a larger
number of agricultural holdings with livestock production.
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REDUCING THE TOXIC EFFECT OF NICKEL ON ORCHARD GRASS
BY LIMING AND APPLICATION OF ORGANIC MATERIALS

Beata Kuziemska, Stanisław Kalembasa
Siedlce University of Natural Sciences and Humanities, Poland

Abstract
In the four-year pot experiment, the influence of soil contamination with nickel
on orchard grass yields, as well as this effect reduction by liming and organic materials
application was investigated. Yield of orchard grass was significantly reduced by
high concentration of nickel in the soil. Liming and organic materials counteracted,
to some extent, this negative effect of soil pollution.
Key words: nickel, liming, organic fertilization, orchard grass
Introduction
An intensive development of industry, agriculture, and human’s activity leads
to the increase of environment pollution with different substances. Heavy metals are
one of the harmful pollutants occurring in our country [Rogóż 2002, Terelak and
Piotrowska 2005]. High content of them in the soil is dangerous, due to intake by plants
and further on accumulation in animal’s and human’s bodies in so called digestive
tract. [Spiak 1993]. Nickel is one of these elements, although it is both essential
and toxic [Jasiewicz and Sendor 2000, Kalembasa and Kuziemska 2006, KoszelnikLeszek 2002, Koszelnik-Leszek and Spiak 2004]. Several factors as total content of
nickel in the soil, soil sorption capacity, organic matter content, moisture content and
microbial activity govern the processes of its intake by plants [Bowszyc et al. 2004,
Kalembasa and Kuziemska 2006, Lipiński and Lipińska 2001]. Soil contamination
with heavy metals, including nickel, is persistent due to a very slow process of soil
self-purification. A complete removal of metals from the soil is theoretically possible
through the removal of contaminated soil layer. It is hardly to carry out, hence other
methods for reducing the effects of elevated heavy metals concentration in soils are
searched for. The methods most often used ar soil liming and increasing the content
of soil organic matter, which both increase the soil’s sorption capacity [Bowszyc et
al. 2004, Jasiewicz and Antonkiewicz 2002]. The study was aimed at evaluating the
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effect of soil pollution with nickel on orchard grass yields and on reducing this effect
by application of liming and different organic materials.
Material and methods
The experiment was carried on in the years 2004-2007 in greenhouse of University
of Podlasie in Siedlce with orchard grass (Dactylis glomerata L.) as permanent
crop. In completely randomized three factorial experiment the first factor, I -was
liming (without or with CaCO3 applied at 1Hh), the second, II -organic materials
(sludge from sewage-treatment plant in Siedlce, poultry droppings and brown coal
(from brown coal mine in Turów) and the third, III - nickel doses (0, 100, 200 mg
Ni . kg-1 of soil in NiCl2.6H2O). The organic materials have been applied in doses
corresponding to 2g C . kg-1 of soil. Four cuts of orchard grass were harvested in each
of four experimental years. Pots were filled with the substrate from the 0-20 cm
plough layer of podzolic soil with the granulometric composition of strong loamy
sand. The pH KCl was 5.6 and the substrate contains 0.98 g N . kg-1, 7.9 g C. kg-1,
available phosphorus 69 mg P2O5 . kg-1 and available potassium 75 mg K2O . kg-1 of
soil. Total nickel content in the soil amounted to 5.67 mg . kg-1 of soil.
The results were statistically processed using variance analysis on a base of F-FisherSnedecor’s distribution and applying software F.R. Anal. var 4.1, whereas LSD0.05
values were calculated according to Tukey test.
Results and discussion
Organic materials used in the experiments differed in chemical composition
(Table 1). The content of organic carbon was the highest in brown coal, and the
potassium, in poultry droppings. Sewage sludge from sewage purification plant in
Siedlce appeared to be the most abundant in other macronutrients and microelements,
which is consistent with earlier studies [Kalembasa et al. 2001, Kalembasa and
Kuziemska 2006].
In the first year of the experiment, no yield was harvested from treatments with
100 and 200 mg Ni . kg-1 of soil, in which neither liming nor organic materials have
been applied (Table 2). In the treatment without liming, broiler’s droppings only
counteracted partly the toxic effect of low nickel dose. It can be explained by high
content of alkalizing substances in this organic material. The negative effect of
100 mg Ni . kg-1, but not of 200 mg Ni . kg-1 was partly alleviated by application
of limestone accompanied by organic materials. In this year sludge and to lesser
extent broilers droppings significantly increased the yield of orchard grass. It can be
attributed to the high amounts of nutrients introduced into the soil with these organic
materials, which is consistent with other author’s results [Kalembasa and al. 2001].
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Table 1. Chemical composition of organic materials used in pot experiment
Organic materials
Component

Sludge from Siedlce

Broilers dropping

Brown coal

g kg D.M
.

C
N
P
K
Ca
Mg

371
60,5
31,17
4,28
39,6
8,42

-1

399,1
16,8
23,6
20,0
39,19
6,96

541
4,0
0,11
0,84
5,18
2,33

mg . kg-1 D.M.
Zn
Cd
Pb
Cu
Ni

1276,8
1,99
50,5
137,7
20,57

295,6
15,2
5,00
54,1
39,32

17,16
0,07
3,71
10,12
5,10

Dry matter %

18

40

85

In the following years of the experiment, the negative effect of nickel was still
demonstrated, though it gradually faded away. In the treatments with liming this effect
was negligible, even on high nickel dose. Obviously, it is due to the process of nickel
immobilization, promoted by application of limestone and organic materials. These
findings are consistent with the results of other author’s investigations [Jasiewicz
and Sendor 2000]. During the whole experimental period, the most effective way to
increase the yield of orchard grass and partly eliminate the toxic effect of nickel was
liming with simultaneous application of sewage sludge. The next effective method
was liming supplemented by poultry’s droppings. The efficiency of these management
practices has been confirmed by Bowszyc et al. [2004]. According to other studies
of the author of this publication, liming and organic materials application would
be effective in reducing toxic effects of other heavy metals as well [Bowszyc et at.
2004]. Brown coal application proved to be of no use in fertilization of orchard grass
both on uncontaminated as well as on soil contaminated with nickel.
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Table 2. The total yield (g . pot-1) of orchard grass dry matter from four years of the
experiment
Liming
Organic
Fertilization

0

Ca acc. to 1Hh
Doses of Ni (mg.kg-1 soil)

Years

Without organic 2004
fertilization
2005
2006
2007
Σ

0

100

200

Means

0

100

200

Means

11,0
11,7
13,2
9,2
45,1

n.u.p.
9,2
11,5
10,6
31,3

n.u.p.
5,1
9,1
7,7
21,9

8,7
11,3
9,2
-

14,5
9,0
10,9
11,2
45,6

10,7
8,7
12,6
9,2
41,2

n.u.p.
8,6
12,3
6,8
27,7

8,8
11,9
9,1
-

Sludges from
Siedlce

2004
2005
2006
2007
Σ

37,2
14,8
19,5
11,5
83,0

n.u.p.
9,3
13,4
9,6
32,3

n.u.p.
3,8
14,6
8,5
26,9

9,3
15,8
9,9
-

40,9
19,1
19,8
10,7
90,5

27,9
14,4
15,6
10,3
68,2

n.u.p.
14,2
15,7
9,3
39,2

15,9
17,0
10,1
-

Broilers
droppings

2004
2005
2006
2007
Σ

26,7
13,1
16,2
9,9
65,9

19,3
15,1
14,0
8,8
57,0

n.u.p.
5,3 11,21
12,4 14,2
8,6
7,0
24,3

31,8
13,5
14,3
10,2
69,8

26,8
10,7
13,7
9,8
61,0

5,1
13,3
14,4
8,2
41,0

21,2
12,5
14,1
9,4
57,2

Brown coals

2004
2005
2006
2007
Σ

9,60 n.u.p.
14,80 9,0
14,6 11,5
7,7
8,5
47,5 28,2

9,8
11,2
7,9
-

15,3
9,9
9,9
7,8
42,9

11,5
8,6
12,5
7,6
40,2

1,2
15,6
11,7
7,1
35,6

9,3
11,4
11,4
7,5
39,6

n.u.p.
5,5
7,4
7,6
20,5

Years

Σ

LSD0.05 for

2004

2005

2006

2007

liming

1,106

0,899

n.s.

n.s.

2,380

organic fertilization

2,071

1,683

1,673

1,653

4,454

doses of nickel

1,629

1,324

1,316

1,300

3,504

Conclusions
1. Soil contamination with nickel significantly decreased the yields of orchard
grass four years of the pot experiments.
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2. The toxic effect of nickel was to the great extent reduced by liming and organic
material application.
3. Brown coal offers no alternative for sludge and poultry droppings in orchard
grass management on soils contaminated with nickel.
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NITROGEN IN ATMOSPHERIC DEPOSITION
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Institute for Technology and Life Science at Falenty

Abstract
The global input of inorganic nitrogen with the atmospheric depositions on
Earth surface has increased three
fold since 1860, and currently it is comparable to the amount in mineral
fertilizers. Moreover, this assessment does not include the load of the organic
nitrogen which equals about 25% of the total deposited element. The evaluation
of the total atmospheric nitrogen input is often limited to the wet deposition,
comprising rain, snow and hailstones. Meanwhile, nitrogen compounds fall in dry
deposition as well. Dry deposition includes sorption of gaseous nitrogen compounds
and gravitational settle down of particulate matters containing nitrogen, also
precipitations of dew, fog and cloud drops, though water is involved here. The
inorganic nitrogen concentrations in dew water collected in Europe were in the
range 1,6–7,3 mg N·dm-3, in fog water in the range 5,6–50,7 mg N·dm-3, and in
cloud water 3,8–8,1 mg N·dm-3. The load of nitrogen in fog depositions in Chech
mountains achieved 17 kg N·ha·y-1, and in cloud droplets depositions in Mid-Wales
7,8 kg N·ha·y-1. The global nitrogen fluxes in atmospheric depositions consisted from
46, ∙106 t N·y-1 in dry forms and 46,3∙106 t N·y-1 in rains and snows. The amount
of reactive nitrogen in wet deposition in Poland is usually supposed to be 17 kg
N·ha-1·y-1. Assuming that similar amount falls in dry deposition than the total load
would amount to 34 kg N·ha-1·y-1, or 1,060∙103 t N deposed on the territory of Poland.
This amount is equal to the nitrogen consumption with mineral fertilizers. To that
25% should be added in the form of organic nitrogen compounds, which raise the
total nitrogen input to 42 kg N·ha-1·y-1.
Key words: Atmospheric nitrogen, wet and dry deposition, dew, fog, cloud droplets,
organic nitrogen
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Introduction
Gaseous compounds of reactive nitrogen in the atmosphere originate from
their emission from the Earth surface or are products of photochemical reactions
run in the atmosphere itself. These compounds do not remain for a long time in
the atmosphere, but are returning rapidly on the Earth surface with the atmospheric
deposition. The global input of inorganic nitrogen with the atmospheric depositions
on the Earth surface was increased threefold from 32∙106 t N in 1860 to 102 ∙106 t
N in 1993 (Table 1) [Nieder and Bembi, 2008]. This amount is comparable with the
nowadays consumption of nitrogen mineral fertilizers. It is also equal to 35% of the
total nitrogen input on the Earth surface from all sources estimated at 249 ∙106 t N·y-1,
including about 170 ∙106 t N·y-1 from the anthropogenic sources [Schlesinger 2009].
The considered forms of inorganic nitrogen occurring in depositions are ammonia,
nitrogenous oxide, nitric acids and their salts.
Table 1. Global atmospheric deposition of active nitrogen on the Earth surface
in 1860 and 1993 [according to Nieder and Bembi, 2008]
Nitrogen form
Ecosystems

1860

1993

1860

10 t N·y
6

1993

-1

NOy

NH3

NOy

NH3

Total N

Terestrial

6,6

10,8

24,8

38,7

17,4

63,2

Marine

6,2

8

21

18

14,2

39

Total

12,8

18,8

45,8

56,7

31,6

102,2

Moreover, this assessment does not include the load of the organic nitrogen
which equals about 25% of the total deposited element [Neff et al. 2002]. Atmospheric
organic nitrogen appears in two forms. The first form is emitted from Earth surface,
and include reduced nitrogen compounds, mainly urea, amine, and amino acids.
The second one includes products of photochemical reactions between oxidized
hydrocarbons and nitrogenous oxides occurring in the atmosphere. The products of
these reactions are homologies of PeroxyAcetyl Nitrate (PAN) and organic esters of
nitric acid.
For a long time, it was claimed that the major load of atmospheric nitrogen is
comprised of wet deposits in rain, snow and hailstones. In last forty years it was
however shown, that the dry deposition is also an important source of this element.
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There are several kinds of atmospheric dry depositions. The main forms of the dry
deposition are adsorbed gaseous nitrogen compounds, gravitationally settled down
particulate matter and aerosols. Still, however, dew, fog and cloud drops are not
accepted as the wet deposition.
The aim of paper was to outline the nitrogen content in different kind of
atmospheric depositions and its impact on the nitrogen budget and cycle in the
environment and agriculture.

Nitrogen in wet deposition

Results

The interest of agronomists on the nitrogen content in rain water was dated since
the middle of XIX century, when the shortage of food had increased the demand
for nitrogen fertilizers needed to crop production. The analyses of rain water have
started at Rothamsted Agriculture Experimental Station in1853 [Lawes et al. 1882].
The analyses of wet deposition nowadays are common procedures, performed also
in Polish laboratories. However, the nitrogen concentration is usually measured
in the clean precipitation after separating the suspension by membrane filtration.
The suspension contains yet some amount of nitrogen, which makes a significant
difference in assessment of the total nitrogen load in deposition. The proof made
by Walna et al. [2009] on the rain samples from the Wielkopolski National Park has
shown, that mean concentration of total nitrogen in the bulk sample was 6,4, and
after filtration 3,9 mg N·dm-3 only. Therefore, the monitoring data could be hardly
used to estimate the load of nitrogen in wet precipitation. As a consequence the
results obtained in scientific laboratories or simulated by a suitable model are used.
In northern-western Europe, the nitrogen load in wet deposition can be very
large, with estimates ranging from 10 to 30 kg N·ha-1·y-1 [Goulding 1990]. The mean
load of inorganic nitrogen in wet precipitation in Poland is generally accepted as
17 kg N·ha-1·y-1 [Szponar 1996], what was confirmed in long term analyses made by
Sapek and Nawalany [2006]. In the rain and snow water samples collected at Falenty
the mean nitrogen concentration of N-NO3 was 1.8 and N-NH4 2.2 mg N·dm-3 [Sapek
and Nawalany 2006]. The literature dealing with nutrient content in wet deposition
is, as a matter of fact, extensive but still many problems are unsolved.
Nitrogen in dry deposition
The first determinations of nutrients in dew water have been made two centuries
ago. Some contemporary analyses of dew water samples collected in different part of
the world has shown the range concentrations of N-NH4 0.7–8.0, and N-NO3 0.7–3.2
mg N·dm-3, comparable to the concentrations in rain water (Table 2) [Sapek 2011].
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Similar concentrations of total inorganic nitrogen were assessed in samples collected
in Poland. The mean value was 5,7 mg N·dm-3. Considering that the mean water
precipitation with dew amounted to 0.4 mm d-1 [Polkowska et al. 2008], the nitrogen
load with this kind of precipitation would be 8,3 kg N·ha-1·y-1 i.e. 259∙103 t N on the
territory of Poland. There is no certainty that these nitrogen compounds remain on
the surface after the water evaporation because part of them could be emitted to the
atmosphere again.
Table 2. Mean concentrations of inorganic nitrogen in samples of dew collected at
same places in Europe
Localization

mg N·dm-3

References

N-NH4

N-NO3

N-NO2

Poland, Gdynia

3,45

1,79

0,45

Poland, Cities

4,59

2,15

0,60

Poland, rural areas

2,69

1,18

0,19

Germany Erzgebirge

4,0

3,2

Lange et al. 2003

Croatia, Zadar

0,90

0,71

Beysens et al. 2009;
Lekouch et al. 2010

Rain samples from
Falenty

2,22

1,76

Sapek and Nawalany 2006

Polkowska et al. 2008

The input of water in dew precipitation is important on the territories with a
higher average temperature and situated at the vicinity of surface water reservoirs,
particularly at the seaside. On such territories, it was successfully tried to use the
dew water for drinking purposes [Muselli et al. 2006].
The concentration of reactive nitrogen in fog water is much higher as compared
with dew and rain water (Table 3). The highest monitored concentrations have
been found at some cities in Czech Republic as well as in California valleys, and
the lowest at Pacific seaside in South America as well as at Fuji summit in Japan
(Table 4). The mean inorganic nitrogen concentrations in the fog samples collected
at Sudeten Mountains in Poland amounted to 5,7 mg N·dm-3, and much higher
17,2 mg N·dm-3has been recorded in samples from Polish lowland [Błaś et al. 2010].
All in all, fog interception is the large source of nitrogen. Still, the relevant data are
meager due to the lack of long-term observation of fog deposition. High load of
the fog nitrogen deposition, surpassing 15 kg N·ha-1·y-1, was observed in Czech and
Hawaii mountains (Table 4). The occurrences of fog events are infrequent on the
Polish territory. On the most area, the number of foggy days is 50 to 80 with more
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days in mountain regions, occupying however the small part of Poland. In the light
of few analyses made in our country the expected nitrogen load with fog deposition
could attain several kg N·ha-1·y-1.
Table 3. Mean concentrations of inorganic nitrogen in fog water samples collected
at different places
Localization

mg N·dm-3

References

N-NH4

N-NO3

Poland Baltic sea site

5,9

11,3

Poland Zakopane

8,8

3,6

Poland Sudeten mountains

3,2

2,4

Czech towns

44,2

6,5

Czech rural area

7,3

4,9

Chech industry area

15,2

7,4

Germany Erzgebirge

4,1

3,2

Lange et al. 2003

Bayer, Fichtelgebirge

9,4

6,7

Wrzesinski, Klemm 2000

California Central Valley

37,9

25,2

Zang, Anastasio 2001

Ecuador, contimemtal fog

0,90

0,56

Beiderwieden 2004

Japan, Fuji Peak 3776 m a.s.l.

0,73

0,41

Watanabe et al. 2006

Błaś et al. 2010

Fisak et al. 2002

Table 4. Nitrogen load in fog depositions
kg N·ha·y-1
Localization

Source

N-NH3

N-NO3

Chech, mountains

8,4

8,5

Zapletal et al. 2007

California, Sonoma
County

4,0

2,6

Fenn et al. 2000

California, forestry edge

0,8

3,9

California, forestry
interior

1,0

2,0

Hawaii

15

1

Ewing et al. 2009
Carrillo et al. 2002

Clouds play an important role in the processing and transport of atmospheric
aerosols and trace gases. These are partly deposited with rain but partly moved
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vertically. Clouds flowing over the mountains bring rainfall to the valleys where a
part of cloud droplets falls. The wind-driven cloud water droplets are captured on
the plant cover. This process is more effective on the rough surface, greater on forest
than herbage vegetation. The concentration of nitrogen compounds in cloud water
is generally higher compared with rain water. This coupled with high deposition
rates, makes cloud water an important source of deposition on upland areas. Clouds
contain several organic and inorganic compounds that can be suspended and/or
dissolved. Large amounts of different nitrogen species can accumulate, even in a
small volume of cloud water. The concentrations of organic nitrogen in cloud water
make approximately about 15% of total nitrogen concentrations.
The concentrations of ammonia and nitrate in cloud water are usually higher
than in the rain water (Table 5). The high nitrate concentration in samples from
Sudeten Mountains originates from the nearby exploited brown coal mines and power
stations. Few available data allowed to suppose that the load of nitrogen deposited in
this form could be higher than 5 kg N·ha-1·y-1 (Table 5). The share of mountain area in
Poland is rather small. Therefore, the nitrogen load from cloud droplet’s deposition
exerts a low impact on this nutrient budget in country scale. The same deals with
nitrogen in fog water deposition. Nevertheless, in fog and cloud’s water, as well as in
rain from upland areas, the concentration of reactive nitrogen is always much higher
than in surface water from the same areas.
Table 5. Mean concentrations and load of inorganic nitrogen in cloud water
samples collected at different places
Localization

mg N·dm-3

kg N·ha-1·y-1

References

N-NH4

N-NO3

Poland,
Sudete
mountains

1,8

6,3

-

-

Dore i in. 1999

Mid-Wales,
upland

1,7

2,1

4,1

3,7

Reynolds i in. 1996

Tenerife

5.2

2.9

5,2

2,9

Zang i Anastasio 2001

Japan Sea

2,4

3,0

-

-

Watanabe i in. 2001

-

-

2,4

2,9

Reyes-Rodríguez et al.
2009

Wales,upland

N-NH4

N-NO3

Genuine dry deposition is adsorption of gaseous nitrogen compounds on
the Earth surface. The importance of this deposition is exemplified by data from
North China Plains. This province is densely populated with intensive agricultural
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production. The total atmospheric inorganic nitrogen deposition here exceeds
100 kg N·ha-1·y-1, and the amount of adsorbed gaseous nitrogen in ammonia and
nitric acids is greater than 40 kg N·ha-1·y-1 (Table 6). Similar percentage (30-60%)
of dry deposition in total nitrogen load was observed in Western Europe. In this
estimation, the nitrogen input with semi-wet deposition and particulate matter was
not regarded [Goulding 1990].
Table 6. Dry deposition of the gaseous inorganic nitrogen compounds on the North
China Plain [according to Shen et al. 2009]
Species

Concentration in atmosphere,
mg N·m-3

Dry Deposition, kg N·ha-1 yr-1

Sampling place

Sampling place

DBW

QZ

DBW

QZ

(g)N-NH3

9,5

14,5

10,5

22,2

(g)N-NO2

16,5

9,3

30,7

17,3

0,6

3,7

3,7

(g)H-NO3
(p)NH4

7,1

13,5

5,4

10,2

(p)NO3

4,0

5,3

3,0

4,0

53,3

57,4

Total N
Explanation: (g)gasesous, (p)in particulate matter

The assessment of dry deposition of gaseous nitrogen compounds is based on the
experimental measurements or simulations by models. The experimental data have
local importance, while the simulated are based on the standard emission figures.
Both kinds of data are scarce in Poland. Kyza et al. [2007] have used the FRAME
model to simulate the dry deposition of ammonia emitted from agricultural sources.
This simulation show, that the share of gaseous nitrogen deposition is about 50% in
the total nitrogen of the atmospheric deposition fluxes (Table 7).
A significant part of ammonia as well as nitrogen oxides is deposited at the vicinity
of emission sources. The degree of this event in agriculture could be shown on an
example of a chicken farm in Scotland containing 350thousands birds, estimated to
emit around 140 kg N ha-1y-1 as NH3. Assessed total nitrogen deposition ranged from
80 kg N ha-1 y-1 at a distance of 30 m to 14 kg N ha-1 y-1 at a distance 650 m downwind
[Pitcairn 2002]. Emissions of nitric oxide (NO) was 11,5 at 30 m, and 7,0 kg N·ha-1 y-1
at 250 m, respectively downwind of the livestock buildings. Similarly short was the
displacing way of both compounds from combustion on at the highway in the town

Nitrogen in atmospheric deposition

117

Taichung in Taiwan, where the dry deposition at a distance of 100 m from the way
center was 31.1 kg N-NOx·ha-1·y-1, and 22.8 kg N-NH3·ha-1·y-1 [Chu et al., 2008].
Table 7. Annual global nitrogen fluxes in atmospheric deposition (t N·y-1), estimated
by use of TM3Model [according to Neff et al, 2002]
Inorganic species

106 t N·y-1

% in total deposition

6,4

6,9

10,6

11,4

3,6

3,9

20,8

22,4

20,3

21,9

13,6

14,6

8,5

9,1

(g) Organic nitrates

2,7

2,9

(g) PAN peroxyacetyl nitrate

2,5

2,7

(w) Organic nitrates

3,9

4,2

(g)* NOx
(g) HNO

−

3

(g) NH+4
(g) NH3
(w) HNO
#

(w) NH

−

3

+

4

(w) NH3
Organic species

Summary
*(g) gaseous

46,6

50,0

#

(w) water soluble

46,3

50,0

Inorganic oxidized

37,3

40,2

Inorganic reduced

46,5

50,1

Organic nitrate coumpounds

9,1

9,8

Total

92,9

100

g – gaseous , #w – water soluble

*

Deposition of particulate matter can be a significant source of reactive nitrogen
in dry atmospheric deposition. Airborne particulate matter is classified as coarse
particles (PM10) with the aerodynamic diameter at a range from 2.5 to 10 μm, and
fine particles (PM2.5) with the diameter smaller than 2.5 μm. All particles contain
reactive nitrogen. Coarse particles are of natural origin, mainly as aluminum silicates
dust. They originate in the atmosphere, mostly from the soil wind erosion or fossil
and biomass burning processes. Halftime of their duration in the atmosphere is short,
from few minutes to several hours, and alike short is the distance of their allocation,
from less than 1 do 100 km. Fine particles are generally of biological origin. They
remain in the atmosphere from few hours to weeks, and can be transferred on
hundreds and thousands km distance. Aerosols classified as fine particle arose in the
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atmosphere, mostly as products of reactions between ammonia with nitric, sulfuric
and organic acids. The bulk of nitrogen in particulate deposition is of biological
origin. The soil material dispersed by the wind erosion, rich in the organic matter
makes a considerable part of coarse atmospheric particulate nitrogen. Bacteria,
mushrooms, pollen, as well as animal and plant organic debris can be found here
(Table 8).
Table 8. Clasification of atmospheric organic nitrogen
General type of
organic N

Example Molecules

Source

Bacterial nitrogen&
Reduced organic
N larger than 0.2
μm

Multiple dissolved
and particulate amine
forms

Atmospheric
Bacteria

Particulate nitrogen&
Particles larger
than 0.45–1 μm

Multiple particulate
organic nitrates or
amine N forms

Atmospheric dust
and organic debris

Reduced organic N
Soluble N with
sizes smaller
than 0.45 μm

Serine, Glycine,
Alanine, Valine,
Methylamine,
Ethylamine and
others

Amine N

Oceanic aerosols,
terrestrial emissions
(agricultural sites or
natural vegetation)

Oxidized organic N
Soluble N with
sizes smaller
than 0.45 μm

&

Nitric acid esters

Methyl, ethyl, propyl
and butyl nitrates

Atmospheric
reactions

Nitric acid diesters

Ethylene &
propylene glycol

Atmospheric
reactions

Hydroxy nitric acid
esters

Nitrooxy ethanol
and propanol

Peroxynitric acid
esters

Trifluoro methyl
and dimethyl ethyl

Peroxycarboxylic
nitric anhydrides

PAN

Atmospheric
reactions
Atmospheric
reactions
Atmospheric
reactions

The bacterial and particulate nitrogen classes may also include reduced and oxidized nitrogen species
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Discussion
According to the traditional point of view, the main source of reactive nitrogen
in atmospheric deposition is mainly regarding as rain and snow. As the consequence,
most of the published official and some of the experimental data are limited to wet
deposition. Nevertheless, there are other kinds of atmospheric nitrogen depositions
that are called a dry deposition, though some of them like dew, fog and cloud drops
deposition contain water. The amount of such precipitated water is generally not
recognized in the deposition budget. With all kinds of dry deposition, a significant
load of reactive nitrogen is returning on Earth surface. Furthermore, the presence of
organic nitrogen in all kinds of precipitations is usually omitted in monitoring data as
well as in nitrogen turnover models. Organic forms of nitrogen are widespread in the
atmosphere and their deposition, amounted to between 10 and 50 106 t N·yr-1, may
constitute a significant input of atmospheric nitrogen into the terrestrial and aquatic
ecosystems [Neff et al. 2002].
The experimental assessment of nitrogen is difficult due to problems with
collecting the representative samples and high demand for laboratory works.
Therefore, most information is obtained by use of appreciate models. The data
accumulated using both procedures are still sufficient to suppose that the nitrogen
load in all kinds of dry deposition is comparable with that in wet deposition, and
probably even greater. A simulation of the global atmospheric nitrogen deposition
made by use of TM3 Model shown that the load of gaseous and water soluble forms
are of similar magnitude (Table 9).
Table 9. Observed and accepted nitrogen input from atmosphere into the natural
ecosystems in Europe [Powlson i Goulding 1994]
System

Nitrogen input from atmosphere kg
N·ha-1·y-1
Observed

Accepted

Protected natural objects (high peats, heath land)

<10–30

<10

Woodland

10–200

<15–20

10

<5

9–15

<3–7

Baltic and North Sea
- estuaria estuaries

The amount of reactive nitrogen in wet deposition in Poland is usually supposed
as 17 kg N·ha-1·y-1 [Szponar et al., 1996]. Assuming that another 17 kg N·ha-1·y-1 falls
in dry deposition, the total load would amount to 34 kg N·ha-1·y-1, which corresponded
to 1,06 ∙103 t N deposed on the territory of Poland. This amount is equal to the nitrogen
consumption with mineral fertilizers. The organic nitrogen in all kinds of precipitation
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is supposed as 25% of total inorganic nitrogen load and added to the above estimates
that would amount to a nitrogen input of 42 kg N·ha-1·y-1. Such an amount poses a
serious threat for the environment, particularly for some protected ecosystems (Table
9).
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