
Introduction

Factors such as climatic conditions, the crops grown,
and the type of fertilization applied are involved in shaping
agrochemical properties of arable land [1-4]. Mineral and
organic fertilizers applied to soil play a key role, since they
are the source of elements in chemical salts or organic com-
pounds, which are subject to specific changes as a result of
which mineral nutrients absorbed by plants are released [5-
7]. Among them, macronutrients are of key importance, as
they determine crop yield and the quality of crops [8-9].
This is important to intensive agriculture focused on crop
production. These types of farms are known to frequently
rely solely on mineral fertilizers, which leads to the depre-
ciation of organic matter in soil [10-12].

In the case of farms specializing in the production of
livestock, the large amounts of natural fertilizers obtained
dictates the necessity to apply them annually. These fertil-
izers are a substrate for humus [13-17]. In this system of
fertilization, the doses of fertilizer have to be adjusted to the
conditions of the environment and nutritional requirements
of the plants. Taking this into consideration, two long-term
field studies were conducted in order to compare the annu-
al application of manure, slurry, and mineral fertilizer on
the accumulation of total and available forms of phospho-
rus, potassium, and magnesium in soils, as well as total sul-
fur content.

Materials and Methods

Soil samples from two field studies conducted in the
Warminsko-Mazurskie voivodeship (northeastern Poland)
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in a random arrangement and in six repetitions were ana-
lyzed in the experiment. Experiment I was set up in
Bałcyny (53º35'45'' N, 19º51'06'' E) in 1972 on lessive soil
with the application of natural fertilizers, i.e., cow manure
and slurry. Loam characterized by 5-7% silt and clay frac-
tions is found in the arable layer of the soil. Experiment II
was set up in Tomaszkowo (53º35'45'' N, 19º51'06'' E) in
1973 on brown soil with the application of natural fertiliz-
er, i.e., pig manure and slurry. The arable layer contained
loamy sand characterized by 2-2.5% silt and clay fractions.

The study compared the influence of natural fertilizers,
i.e., manure and slurry (in two doses), and mineral fertiliz-
ers. In addition to farmland fertilized solely by means of
natural fertilizers, the experiment also included land sup-
plemented with mineral fertilization (PK). Phosphorus and
potassium fertilizers were applied in amounts equivalent to
half of the content of these elements used in the event of
exclusive mineral fertilization. The design of both experi-
ments was the same and assumed 8 study groups: no fertil-
ization, slurry dose I (dI), slurry dose I + PK (dI + PK), slur-
ry dose II (dII), slurry dose II + PK (dII + PK), manure,
manure + PK, and mineral fertilization (NPK). The doses of
slurry (dI), manure, and mineral fertilization were balanced
with nitrogen. The second dosage of slurry (dII) was deter-
mined in such a way that the amount of organic carbon
introduced along with it was equivalent to that of the
manure dose. The average yearly doses of fertilizer compo-
nents have been presented in Table 1.

The following crop rotation was applied in the experi-
ments: potato, spring barely + a mixture of red clover with
grasses (in 2 rotations on lessive soil and one on brown
soil), winter rapeseed, winter wheat + winter rye aftercrop,
corn for silage, spring barely, winter or spring wheat.

The soil samples for the studies were collected after
crops had been harvested, from the top layer of the soil (0-
25 cm), after 34 years of annual fertilization. The contents
of available forms of phosphorus and potassium were deter-
mined using the Egner-Riehm (DL) method, with magne-
sium content determined by means of the ASA method fol-
lowing extraction using a 0.0125 mol·dm-1 solution of

CaCl2. Following the mineralization of soil in a (1:1) mix-
ture of nitric (V) and chloric (VII) acid, total potassium
content was established using the flame spectrometry
method, total magnesium using the atomic absorption spec-
trometry (AAS) method, and total phosphorus using the
Barton method. The total content of sulfur was determined
using the method described by Butters and Chenery.

The results were subjected to statistical calculations
using the Statistica 10 software package. The results of each
experiment were subjected to statistical analysis using
Tukey's analysis of variance. The experiments were com-
pared with the t-test for independent variables, assessing
differences between the average results.

Results and Discussion

The influence of fertilization with slurry on total phos-
phorus content and the content of its available forms in soil
has been presented in Table 2. In the case of lessive soil in
the experiment fertilized with cow manure and slurry, the
average P-total content was 1.27 times higher than that of
brown soil in experiment II, in which the soil had been fer-
tilized with pig manure and slurry. The opposite situation
occurred in the case of P-avail., the content of which in
brown soil was 1.31 times higher than in lessive soil. The
application of solely natural fertilizers in doses balanced
with nitrogen and mineral fertilizers (NPK) had a signifi-
cant influence on the increase of P-total and P-avail. in both
types of soil. Manure was found to be the most effective of
the above-mentioned fertilizers, whereas dose I of slurry
(dI) had the weakest effect with the exception of P-avail.
content in brown soil. The second dose of slurry (dII) was
more effective in increasing the content of both forms of
phosphorus when compared to the first dose (dI) of this fer-
tilizer. Additional fertilization with PK supplementing the
use of natural fertilizers had a positive effect on the phos-
phorus content in the analyzed soils. The average increase
of P-total was found to be 0.07 g·kg-1 in lessive soil and 0.02
in brown soil, whereas the increase of P-avail. was 19.4
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Fertilization

Experiment I with cow slurry Experiment II with pig slurry

Average for years 1972-2006 Average for years 1973-2007

N P K Mg N P K Mg

Slurry dI 111 49 126 20 129 53 80 21

Slurry dI + PK 111 67 181 20 129 74 141 21

Slurry dII 205 88 227 37 384 182 228 50

Slurry dII + PK 205 102 282 37 384 203 289 50

Manure 111 37 92 21 129 42 102 19

Manure +PK 111 55 147 21 129 63 163 19

NPK 111 38 110 129 42 122

Table 1. Doses of nutrients applied in the experiments [kg·ha-1].*

*the content of sulfur has not been indicated



mg·kg-1 and 5.5 mg·kg-1, respectively. The studies of many
authors, including Kristaponyte [14], Sienkiewicz at al.
[18], Nogalska et al. [19], Li et al. [20], Han et al. [21], Vu
et al. [22], Mbah and Onweremadu [23], Ullah et al. [24]
and Olson et al. [25], have confirmed the positive influence
of applying manure, mineral fertilizers and organic-miner-
al fertilizers on the total and available phosphorus content.
Fertilization also had a positive influence on the participa-
tion of P-avail. content in P-total. The average increase in
the percentage share of this form of potassium in lessive
and brown soil was found to be 2.6% and 2.4%, respec-
tively, as compared to the control objects. Similar effects
were obtained by Maltas et al. [9] when applying manure,
slurry, and mineral fertilizers to soil for a period of 12 years. 

Table 3 contains numerical data representing the total
content of potassium and content of available potassium in
soils from the described fertilization experiments. The data
show the average K-total and K-avail. content in lessive
soil to be 1.42 and 1.95 times higher, respectively, than in
brown soil. 

The application of manure and slurry (dI) that had been
balanced with nitrogen had a significant positive effect on
K-total and K-avail. content in both types of soil. This
increase was found to be higher in lessive soil than brown
soil. Out of all of the fertilizers balanced with nitrogen,
manure was found to have the most positive effect on the
content of both forms of potassium. The influence of slurry
applied in the second dose was lesser than that of manure
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Fertilization

Lessive soil Brown soil

Total P 
g·kg-1 d.m.

Available P 
mg·kg-1 d.m.

Share P-avail. 
%

Total P 
g·kg-1 d.m.

Available P 
mg·kg-1 d.m.

Share P-avail. 
%

No fertilization 0.79 45.9 5.8 0.61 70.2 11.5

Slurry dI 0.87 53.2 6.1 0.73 97.7 13.4

Slurry dI+PK 0.95 78.9 8.3 0.73 101.2 13.9

Slurry dII 0.95 69.8 7.3 0.75 106.4 14.2

Slurry dII+PK 1.02 89.4 8.8 0.79 109.4 13.8

Manure 0.98 102.9 10.5 0.78 110.3 14.1

Manure + PK 1.05 115.9 11.0 0.79 120.3 15.2

NPK 0.92 60.6 6.6 0.75 95.0 12.7

Average 0.94a 77.1b 8.0 0.74a 101.3b 13.6

LSD0.05 0.08 8.6 0.07 8.8

Table 2. Total and available phosphorus content in soils.

a, b – insignificant differences at p<0.05

Fertilization

Lessive soil Brown soil

Total K 
g·kg-1 d.m.

Available K 
mg·kg-1 d.m.

Share K-avail. 
%

Total K 
g·kg-1 d.m.

Available K 
mg·kg-1 d.m.

Share K-avail. 
%

No fertilization 6.72 97.8 1.45 5.03 73.0 1.45

Slurry dI 8.20 172.3 2.10 5.69 89.6 1.57

Slurry dI+PK 8.97 239.1 2.66 6.04 111.2 1.84

Slurry dII 9.50 221.4 2.33 6.81 111.2 1.51

Slurry dII+PK 9.59 259.3 2.70 6.86 117.8 1.70

Manure 9.45 304.1 3.22 6.92 143.5 2.09

Manure + PK 9.90 346.3 3.50 7.07 175.5 2.48

NPK 8.48 178.9 2.11 5.30 110.6 2.99

Average 8.85a 227.4b 2.56 6.22a 116.8b 1.95

LSD0.05 0.92 16.2 0.88 11.0

Table 3. Total and available potassium content in soils

a – insignificant differences at p<0.05
b – significant differences at p<0.05
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with the exception of K-total in lessive soil. Additional fer-
tilization with PK led to an increase in the content of both
forms of potassium in the soils. The average increase in the
content of K-total was equal to 0.44 g·kg-1 in the case of
lessive soil and 0.19 g·kg-1 in brown soil, whereas K-avail.
was determined at the respective levels of 49.0 mg·kg-1 and
20.1 mg·kg-1 soil. Fertilization caused the percentage share
of available potassium in the total potassium content of
brown soil to increase by 1.21% in relation to the control
group, whereas the increase in brown soil was 0.58%.
Sienkiewicz et al. [18] concluded that the application of
manure for several years led to a three-fold increase in the
available forms of potassium in soil as compared to the
content determined after the application of mineral fertil-
ization. The positive influence of organic fertilizers,

including manure and slurry, on the soil content of avail-
able forms of potassium has been confirmed by long-term
studies of Katkar et al. [26], Shahid et al. [27], and Maltas
et al. [9]. 

The influence of multi-year fertilization on the total and
available magnesium content in soil has been illustrated by
data compiled in Table 4. The average content of Mg-total
in lessive soil was 2.20 times higher, with Mg-avail. 1.73
times higher than in brown soil. Fertilization in doses bal-
anced with nitrogen led to significant increases in the
amounts of Mg-total. and Mg-avail., more so in lessive than
in brown soil. Manure had the strongest effect, with miner-
al NPK fertilization having the least. The influence of the
application of slurry in the second (higher) dose on the con-
tent of both forms of magnesium was lower than in the case
of manure, and the difference was higher in experiment I.
Additional PK fertilization resulted in an increase in both
forms of magnesium. The increase in Mg-total concentra-
tion was higher in lessive soil, though Mg-avail. increased
more in its brown counterpart. The percentage share of Mg-
avail. on fertilized plots of land decreased in lessive soil by
approximately 0.27%, but increased in brown soil by
0.81% when compared to the control plots. According to
Sienkiewicz et al. [18], manure has a positive effect on the
content of available magnesium. This fertilizer contains
magnesium and has a beneficial effect on the sorption com-
plex of the soil, preventing this element from being washed
out.

A significant increase in the contents of potassium, cal-
cium and magnesium in the surface layer of the soil after
applying manure and slurry for many years was reported in
the studies of Emeades [28] and Qian et al. [29]. 

The total content of sulfur in the analyzed soils has been
presented in Table 5. As a consequence of applying natural
fertilizers, S-total increased from 20.1-77.2 mg·kg-1 in
lessive soil, and from 20.3-55.1 mg·kg-1 in brown soil. The
dependence of sulfur content on soil properties in various

Table 4. Total and available magnesium content in soils.

Fertilization

Lessive soil Brown soil

Total Mg 
g·kg-1 d.m.

Available Mg 
mg·kg-1 d.m.

Share Mg-avail. 
%

Total Mg 
g·kg-1 d.m.

Available Mg 
mg·kg-1 d.m.

Share Mg-avail. 
%

No fertilization 1.26 37.8 3.00 0.58 16.2 2.79

Slurry dI 1.80 46.5 2.58 0.84 23.4 2.78

Slurry dI+PK 1.88 50.8 2.70 0.89 29.4 3.30

Slurry dII 2.04 53.6 2.63 0.93 32.1 3.45

Slurry dII+PK 2.14 54.1 2.52 0.97 34.1 3.52

Manure 2.16 67.3 3.12 0.95 39.2 4.13

Manure + PK 2.31 69.8 3.02 0.98 45.7 4.66

NPK 1.56 39.2 2.51 0.70 23.4 3.34

Average 1.89a 52.4b 2.76 0.86a 30.3b 3.50

LSD0.05 0.16 5.2 0.07 2.8

a, b – insignificant differences at p<0.05

Fertilization Lessive soil Brown soil

No fertilization 148.2 79.0

Slurry dI 168.3 99.3

Slurry dI+PK 178.3 107.0

Slurry dII 180.1 124.4

Slurry dII+PK 211.4 134.1

Manure 210.0 99.2

Manure + PK 225.4 107.1

NPK 159.2 84.3

Average 185.1a 104.3a

LSD0.05 15.2 12.4

Table 5. Total sulfur content in lessive and brown soils, [mg·kg-1

d.m.].

a – insignificant differences at p<0.05



multi-year fertilization systems have been confirmed in the
studies of Boye et al. [30, 31]. Additional PK fertilization
had a beneficial effect on S-total content, which increased
on average by 18.9 mg·kg-1 in lessive soil and 8.4 mg·kg-1 in
brown soil. Fertilization with NPK led to an increase in the
content of this element in the above-mentioned types of
soils by 11.0 mg·kg-1 and 5.3 mg·kg-1, respectively.
According to Kopeć and Gondek [32], the content of sulfur
in soil when this type of fertilization is applied depends on
the dose and form of nitrogen. When applying organic and
mineral fertilizers for a few dozen years, Förster at al. [33]
determined a higher increase in sulfur content in the case of
objects fertilized with manure, and found the increase to be
dependent on the dose of this fertilizer.

Table 6 presents the correlation coefficients occurring
between the contents of various forms of macronutrients in
lessive and brown soils. High correlation coefficients are a
result of the phosphorus, potassium, magnesium, and sulfur
contents of fertilizers. Lower coefficients between sulfur
and the analyzed forms of macronutrients in brown soil
may signify that this element is washed out from soil to a
greater extent [30, 31]. 

Of the applied fertilizers, manure was found to have the
greatest positive effect on the content of the analyzed
macronutrients. The obtained data were thus used to con-
struct conversion factors for both doses of slurry and min-
eral fertilizers in relation to manure. The average values of
the conversion factors were presented in Table 7.

It is recommended that coefficients of fertilization doses
be used in precision farming.  

Conclusions

Long-term annual fertilization with manure, slurry, and
mineral NPK fertilizers had a positive effect on the accu-
mulation of total and available forms of phosphorus, potas-
sium, and magnesium in soils, as well as total sulfur con-
tent. Among those fertilization doses balanced with nitro-
gen, manure had the most positive influence on the content
of the above-mentioned macronutrients. NPK fertilization
was not found to work as effectively as manure, whereas
slurry applied in the lower dose had the least influence. The
higher dose of slurry balanced with manure using organic
carbon also was not as effective. Supplementary mineral
PK fertilization applied along with manure and slurry had a
significant positive influence on the content of the available
forms of phosphorus, potassium, and magnesium in both
types of soil, as well as the total sulfur content in lessive
soil. 

Significant positive correlations were confirmed
between the analyzed macronutrients, with the exception of
sulfur and the available forms of phosphorus and potassium
in brown soil. 
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Table 6. Linear correlation coefficients between macronutrient content in lessive and brown soils.

Lessive soil

Macronutrients Total P Available P Total K Available K Total Mg Available Mg

Available P 0.91***

Total K 0.96*** 0.84*

Available K 0.94*** 0.98*** 0.91***

Total Mg 0.92*** 0.88*** 0.95*** 0.94***

Available Mg 0.81** 0.94*** 0.81** 0.95*** 0.92***

S 0.92*** 0.96*** 0.86*** 0.95*** 0.94*** 0.93***

Brown soil

Macronutrients Total P Available P Total K Available K Total Mg Available Mg

Available P 0.95***

Total K 0.79** 0.86***

Available K 0.77** 0.95*** 0.78**

Total Mg 0.86*** 0.80** 0.94*** 0.72**

Available Mg 0.82** 0.97*** 0.93*** 0.95*** 0.88***

S 0.63* 0.45* 0.77** 0.32* 0.81** 0.55*

significant at ***p<0.001, **p<0.01, *p<0.05

slurry dI slurry dII NPK

Lessive soil 1.16 1.03 1.18

Brown soil 1.14 1.03 1.23

Table 7. The average values of the conversion factors.
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