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Abstract

Phosphorus is a major nutrient for plants and the determination of available phosphorus in soil 
is necessary for agricultural practices. Phosphorus balance in soil was assessed in the long-term 
stationary experiment at Hněvčeves from 1980 to 2015. The results indicate that the phosphorus 
balance was significantly influenced by the doses of phosphorus in mineral fertilization and farmyard 
manure. The most well balanced balance of phosphorus in soil was achieved at the plots with low 
doses of phosphorus applied in mineral fertilization and farmyard manure. Negative phosphorus 
balance was found out in the combination without the dose of phosphorus in both fertilizers. On the 
contrary, phosphorus surplus was indicate in the combination with very high level of phosphorus 
dose in mineral fertilization and medium level of phosphorus dose in farmyard manure or in 
the combination with medium level of phosphorus in mineral fertilization and very high level of 
phosphorus in farmyard manure. Very high positive correlation of phosphorus contents were found 
in plants to yield. Data about phosphorus balance can help to modify phosphorus fertilization doses 
for subsequent crops and optimize production inputs.

Keywords: available phosphorus, soil, balance, yield, crops, mineral fertilization, farmyard manure

INTRODUCTION
Phosphorus (P) together with nitrogen and 

potassium are an essential element classified as 
macronutrients in soil and are needed by all plants 
(Busman et  al., 2009; Shi et  al., 2015). Most plants 
contain P in concentrations varying between 0.1% 
and 0.4%, and its significance in stimulating root 
growth and accelerating plant ripening was proven 
(Ott and Rechberger, 2012).

P is one of three nutrients generally added to soils 
in fertilizers that can considerably affect the yield 
level and yield stability of many crops (Usherwood 

and Segars, 2001; Yutong et al., 2016). Some authors 
found out P soil-surface balance may range from 
negative values to more than 200 kg.ha-1 depending 
on the farming practices (Halberg, 1999; Hooda 
et  al., 2001; Steinsham et  al., 2004). Since 1990, 
the use of mineral fertilizers, mainly phosphate 
and potassium fertilizers has dropped sharply in 
the Czech Republic because of economic reasons 
(Voplakal et al., 2001). This decrease had a negative 
impact on the levels of available nutrients in the 
soil, which determine the quantity and quality of 
the yield. Voplakal et al. (2001) noted that total P in 
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the soil of the Czech Republic contained from 1.5% 
to 4.5% of available P. Only a  part of P in the soil 
is dissolved in the soil solution (Raclavská et  al., 
2008). Available P is very low in the soil of the Czech 
Republic, about 1% of total P and its concentration 
in the soil solution is from 0.1 mg.l-1 to 1 mg.l-1, which 
is the lowest of all the essential nutrients needed for 
plant growth. PO-4 is a form of P, which is accepted 
by plants and microbes (Raclavská et al., 2008).

Stewart and Tiessen (1987) demonstrated soil 
fertilization with organic materials was significant 
for increasing of available P in soil. According to 
Chater and Mattingly (1980) the content of total 
P in arable soil is generally little affected by the 
long-term fertilization practices. Various fractions 
of soil P respond more to contrasting treatments 
(O'Halloran et  al., 1987) and show large seasonal 
variation (Tate et  al., 1991; Magid and Nielsen, 
1992). Čermák et al. (2007) studied P balance in soil 
of the Czech Republic and found out P balance is 
slightly negative. According to the Eurostat (2017) 
high positive P balance is in the Mediterranean 
Islands, Cyprus and Northwest-Europe while 
negative balance is in Italy and many states of the 
Central and Eastern Europe.

The long-term field trials provide an important 
source of information demonstrating the effects 
of continuous and specific rates of application 
of fertilizers over many years on soil properties 
and crop yields. Based on the results from these 
long-term experiments, it is possible to calculate 
nutrient balance and thereby determine optimal 
nutrient application rates for sustainable good 
quality crop production (Čermák and Smatanová, 
2012). Macháček and Kunzová (2016) demonstrated 
use of nutrient balances obtained from the long-
term experiments for further recommendations 
of changes in agronomic technology to decrease 
of nutrient losses. They calculated P balance in 
the long-term field experiment as the simple 

calculation, the difference between total inputs of 
fertilizers and total nutrient uptake by crops. Beegle 
and Lanyon (2015) used the same method for the 
evaluation of P balance. They defined a  positive 
balance as an accumulation of P, while a negative 
balance as a  depletion of Čermák and Smatanová 
(2012) deal with P balance at the 13 experimental 
sites in the Czech Republic, where they described 
phosphorus offtake and input as well balanced 
at low levels of P  fertilization. According to these 
authors, increasing P application rates leads to 
increasing the P balance surplus.

Current analyses of the nutrient balance do not 
contain the analyses of P utilization for the different 
crops at the application of different doses of the 
mineral and organic fertilization in soil and climate 
conditions. Our paper is based on the results of 
the long-term experiment, which is focused on 
monitoring of crop yields at different levels of 
fertilization in different crop rotations. Goal of the 
analysis was to assess the impact of the application 
forms and levels of supplied P on the stability of P in 
the soil and its availability for different agricultural 
crops and impact on the crop yield.

MATERIALS AND METHODS

Site Description of Field Experiment, 
Soil and Crop Sampling

The experimental data for this study were 
obtained from the polyfactorial nutritional 
experiment. According to Cochran and Cox (1957), 
a  central scheme of the second order design in 
incomplete blocks was used for experiment. The trial 
consisted of 56  plots 5 × 12 m, designed in 4  rows. 
Within the scheme, the influence of 6 independent 
factors was tested (Tab.  I). We used only 2  factors, 
mineral fertilization of P and farmyard manure 
fertilization (FYM) for P balance evaluation.

I: Crop rotation and a list of doses of fertilizers including factor levels

Year Crop
N total Ca

P in mineral fertilizer P in FYM

K Mean sowing 
rate on .ha-1

Level of factors Level of factors

- 2.4/- 1/0/1/2.4 - 2.4/- 1/0/1/2.4

Doses of fertilizers Doses of fertilizers

kg.ha-1 103 kg.ha-1 kg.ha-1

1980 sugar beet 150 - 0/29/50/71/100 0/23/40/57/80 150 85.103

1981 spring barley 60 - 0/23/40/57/80 - 50 4.5.106

1982 alfalfa + oat underseeding 40 - 0/35/60/85/120 - 100 4.5.106

1983 alfalfa without fertilization - - - - - 22.5 kg

1984 winter wheat 100 - 0/23/40/57/80 - 70 4.5.106

1985 silage maize 170 - 0/29/50/71/100 0/23/40/57/80 150 100.103

1986 winter wheat 125 - 0/23/40/57/80 - 70 4.5.106

1987 spring barley 90 3500 0/23/40/57/80 - 50 4.5.106
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The polyfactorial trial has been conducted 
since 1980 at Hněvčeves (50°18' N, 15°43' E); the 
experimental station of the Crop Research Institute 
in the sugar beet growing region of the Czech 
Republic. Average annual precipitation is 589 mm 
and average temperature is 8.9 °C. Elevation is 
265 m  a.s.l. The experimental field is represented 
by Haplic Luvisol soil. 20-year average of nutrient 
content in soil from 1990 to 2009 was 71 mg P.kg- 1, 
175 mg K.kg-1, 2092 mg Ca.kg-1 and 94 mg Mg.kg-1. 
Soil reaction was for KCl 5.1 and H2O 6.87 (www.
vurv.cz, 2017). Our experiment included data 
from 1980 to 2015. Tab. I and II show 8-years crop 
rotation, an overview of doses of fertilization with 
5 graded levels - 2.4, - 1, 0, 1, 2.4 and soil tillage 
from 1980 to 1987. 5  levels corresponding to each 
factor were set up in a manner that medium level 
reflected standard agricultural cropping practice, 
specific for each crop-plant, and the highest level 
was supposed to limit plant growth by the excess 
of the nutrient (Madaras and Lipavský, 2009). 
Zero level means no use of the fertilizer. Between 
the medium and extreme levels, two other levels 
(higher, lower) were set up, of which ‘higher’ was 
supposed to be optimal or close-to-optimal in order 
to satisfy crop demands and reach maximum yield. 
The eight years crop rotations contain 50 percent of 
cereals, 12.5 percent of root crops and 37.5 percent 
of fodder crops.

The soil samples, taken from depths of 0–20 cm, 
were analysed by the Mehlich III extraction (Hraško 
et al., 1962) for content of available nutrient as P, Ca, 
K, Mg and total content of N.

Plant samples were taken from all variants shortly 
before harvest. Plants were analysed for N content 
by the Kjeldahl method (ČSN EN ISO 5983-1) and 
total nutrient content of K, P, Mg and Ca in the dry 
matter by the method of wet combustion.

Phosphorus Balance Calculation 
P balance at given combination of factor levels 

was calculated as the difference between the value 
of supplied P to the soil only in mineral fertilizers 
and FYM and taken P by plants from the soil, which 
is stored in a  dry matter of harvested crops in 
main product. Straw was taken off from all plots 
away. Only beet tops were ploughed into the soil 
in all combinations with observed fertilizer factors. 
P leaching and atmospheric deposition was not 
taken into account. A combination of factors for the 
application of fertilizers is given in Tab. II. FMY was 
only applied in two years, in 1983 and 1986 and 
always before growing of the sugar beet and silage 
maize. P balance was calculated from 1980 to 2015.

Statistical Analysis
Basic statistic and Pearson's correlations between 

yield, fertilization and content of P in plant dry 
matter were calculated using Statistica 12 (StatSoft 
Inc., Tulsa, USA) procedure.

RESULTS AND DISCUSSION
The obtained results of soil P balance (1980–2015) 

confirmed statistically significant effect of selected 
10 combinations of mineral and organic fertilization 
by P on its balance in the soil. High positive 
correlation was found between observed levels 
of supplied P in fertilization and its balance in the 
soil (r = 0.94; p < 0.05). The combination H was the 
most balanced (2 kg.ha-1). The combination G  had 
the highest P balance during the years (41 kg. ha- 1). 
Negative P balance in the soil was confirmed in 
the combination of fertilizer doses J (- 17 kg.ha-1) 
and F (- 17 kg.ha-1) (Tab. III). Mitas (2005) presented 
similar conclusions for the balance of P  in arable 
soil. According to the author, combination without 
fertilization had the negative balance; combination 

II: Overview of the general arrangement of combinations of fertilization factors and their relative levels

Combination Number of plots
Factor of levels

Number of repetition
P in mineral fertilization P in FYM

A 11, 12, 13, 14, 33, 34, 35, 36 - 1 - 1 8

B 15, 16, 17, 18, 37, 38, 39, 41 1 - 1 8

C 19, 21, 22, 23, 42, 43, 44, 45 - 1 1 8

D 24, 25, 26, 27, 46, 47, 48, 49 1 1 8

E 28, 29, 31, 32, 51, 52, 53, 54, 55, 
56, 57, 58, 64, 65, 66, 67, 68, 69 0 0 18

F 59 - 2.4 0 1

G 61 2.4 0 1

H 62 0 - 2.4 1

I 63 0 2.4 1

J 71, 72 - 2.4 - 2.4 2
Note: Factor of levels: - 2.4 – zero level, - 1 – low level, 0 – medium level, 1 – high level, + 2.4 – very high level
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of fertilization with an average annual dose of 30 kg 
P2O5.ha-1 had the balanced balance and combination 
of fertilization with an annual average dose of 60 kg 
P2O5.ha-1 respectively 120 kg P2O5.ha-1 showed the 
positive balance with strong surplus.

The most P balance surplus was after the 
cultivation of sugar beet and silage maize for 
combination I. On the contrary, the largest uptake P 
from the soil was observed when the alfalfa 
was growing without application of P in both 
fertilizations. Vos (1996) calculated the negative 
P balance for potato (- 7 kg.ha-1) at the total P input 
37 kg.ha-1 and positive P balance for sugar beet 
(11 kg.ha-1) at the total P input 32 kg.ha-1 and for 
spring wheat (9 kg.ha-1) at the total P input 34 kg. ha-1 
in the Netherland. In our trial phosphorus offtake 
and input were balanced at the cultivation of 
spring barley, winter wheat and alfalfa with oat 
underseeding in combination A (Tab.  III). Effective 
P doses for balanced balance were 23 kg P.ha-1 
in mineral fertilization and 0 kg P.ha-1 in FYM 
fertilization for spring barley and winter wheat and 
35 kg P.ha-1 in mineral fertilization and 0 kg P.ha-1 in 
FYM fertilization for alfalfa with oat underseeding. 
P balance was balanced in combination H with 
applied doses 50 kg P.ha-1 in mineral fertilization 
and without FYM for silage maize and in 
combination F without mineral fertilization and 

40 kg P.ha-1 in FYM for sugar beet. Čermák and 
Smatanová calculated P nutrient balance in the 
long-term field experiment from 1972 to 2005 for 
crop rotation contained 25 percent of root crops, 
50 percent of cereals and 25 percent of fodder crops 
in sugar beet and potato growing area of the Czech 
Republic. They confirmed P offtake and input was 
balanced at low levels of P fertilization and they 
recommended effective average annual rates 13 kg 
of P for obtaining adequate yields and preservation 
of suitable contents of nutrients in the soil.

We calculated P offtake of main crops on 1 tonne. 
The average P offtake was 3.8 kg P.t-1 for spring 
barley, 3.1 kg P.t-1 for winter wheat, 0.6 kg P.t-1 for 
alfalfa and silage maize and 0.7 kg P.t-1 for sugar 
beet. Klír et  al. (2007) showed the similar values 
of the average P offtake for crops in the soil and 
climate conditions of the Czech Republic.

The impact of P fertilization on the yield of 
agricultural crops was found out. P fertilization 
had the positive effect on the yield of winter wheat, 
silage maize and alfalfa with oat underseeding. 
Sugar beet and spring barley did not show 
significant yield reaction on P fertilization level. 
Correlation coefficients between fertilization 
and yield are shown in Tab.  IV. Very interesting 
relationship were found between the content of P 
in plant dry matter and its total yield for all crops. 

III: P balance in kg.ha-1 for each crop for a given combination of factors during the years 1980 to 2015

Combination

Crops
Average P balance

(1980–2015)sugar 
beet

spring 
barley

alfalfa 
+ oat underseeding

alfalfa without 
fertilization

winter 
wheat

silage 
maize

A
8

——
(52)

- 2
——
(23)

4
——
(35)

- 32
——
(0)

- 5
——
(23)

14
——
(52)

- 4
——
(31)

B
38

——
(94)

26
——
(57)

36
——
(85)

- 32
——
(0)

25
——
(57)

45
——
(94)

21
——
(65)

C
47

——
(86)

- 3
——
(23)

5
——
(35)

- 32
——
(0)

- 6
——
(23)

55
——
(86)

6
——
(42)

D
75

——
(128)

25
——
(57)

35
——
(85)

- 33
——
(0)

25
——
(57)

84
——
(128)

30
——
(76)

E
43

——
(90)

11
——
(40)

21
——
(60)

- 33
——
(0)

8
——
(40)

50
——
(90)

13
——
(53)

F
5

——
(40)

- 25
——
(40)

- 20
——
(0)

- 33
——
(0)

- 31
——
(0)

16
——
(0)

- 17
——
(7)

G
74

——
(180)

46
——
(80)

60
——
(120)

- 33
——
(0)

45
——
(80)

85
——
(180)

41
——
(107)

H
- 7

——
(50)

12
——
(40)

22
——
(60)

- 32
——
(0)

11
——
(40)

7
——
(50)

2
——
(40)

I
89

——
(130)

10
——
(40)

22
——
(60)

- 32
——
(0)

9
——
(40)

97
——
(130)

25
——
(67)

J
- 11
——
(0)

- 10
——
(0)

- 15
——
(0)

- 29
——
(0)

- 28
——
(0)

- 25
——
(0)

- 17
——
(0)
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P  contents in plants showed very high positive 
correlation to yield (Tab. IV).

According to obtained data, P level in the soil for 
each combination of factors did not significantly 
change during observed years (Fig. 1). Fig. 1 shows 
that the combination G had the most P content in 
the soil from the beginning of experiment to 2011 
in contrast to combination J with the smallest 
P content in all observed years.

Data about P offtake for crops could be use 
to evaluate economically and effective doses of 
P  fertilizer that provide balanced yields without 
P  losses. The lowest P offtake was found out in 
combination J for sugar beet, spring barley, winter 
wheat and alfalfa without fertilization. The highest 
P offtake was found out in combination G for spring 
barley, winter wheat, alfalfa without fertilization 
and in combination I for sugar beet. The total yield 

IV: Overview of correlation coefficient between fertilization, P content in plants and yield for cultivated crops

Crops Number of values
Correlation coefficient (r)

*p < 0.05

fertilization x yield P content in plants x yield

sugar beet 280 - 0.02 0.59*

spring barley 504 0.03 0.87*

alfalfa with oat underseeding 280 0.37* 0.94*

alfalfa without fertilization 224 - 0.89*

winter wheat 447 0.29* 0.75*

silage maize 224 0.34* 0.75*
*the values are significant at p < 0.05

Figure 1. Average available P content (mg.kg-1) in soil during four 8-year crop rotations in all 1 
combinations A) 1980 - 1987, B) 1988 - 1995, C) 1996 – 2003, D) 2003 - 2011; bars 2 
represent standard error 3 
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of crops is influenced by many other external 
and growing factors. Application of medium and 
low doses of P in mineral and FYM fertilization 
seems to be the most economical in soils with 

suitable to high P supply. Medium and low P doses 
maintain a balanced P balance in soil with a small 
modification of P fertilization doses for subsequent 
crops.

CONCLUSION
We received detailed information about P nutrient balance from long-term field experiments includes 
10 combination of fertilization. The results showed that soil with good P supply is a  sufficient to 
achieving an optimal P balance based on application of specific rates fertilization for every crop. 
We concluded that effective annual rates of P are 23 kg in mineral fertilization for spring barley and 
winter wheat; 35 kg in mineral fertilization for alfalfa with oat underseeding; 50 kg P in mineral 
fertilization for silage maize and 40 kg P in farmyard manure for sugar beet. A long-term absence of 
P fertilization has the negative effect on the balance of P and may lead to reduce yield of all growing 
crops. This information should mainly contribute to sensitive soil management and environmental 
protection. Thus, farmers can optimize all of the production inputs into the field exactly where they 
are needed, based on detailed knowledge about the yield, nutrient content in dry matter of plants, 
soil properties of particular field.
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