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Effect of increasing rate of P fertilization on available  
P content in soil and plant uptake: implications  
for P management

Jaroslav Hyn�st, Eva Urb�ankov�a, Elena Obdr�z�alkov�a, Silvie Jan�c�ıkov�a, and Michaela 
Smatanov�a 

Central Institute for Supervising and Testing in Agriculture, Brno, Czech Republic 

ABSTRACT 
The application of phosphorus (P) is necessary for sustainable crop produc
tion. Its application rate is often based on soil analysis. However, the P 
availability is not always properly evaluated for optimal P management. 
The effect of long-term P fertilization on soil P availability, yield, and plant 
uptake of P was investigated using data from a long-term field experiment. 
We hypothesized that: 1) an increasing rate of P fertilization increases soil 
P content, yield, and P uptake, and 2) annual change of P uptake and P 
content increases from negative to positive values at an increasing rate of 
P addition. Different strategies of P management were evaluated using 
experimental results. Increasing inputs of P in mineral or organic form 
increases soil P content. However, the effect on yield is limited and unused 
P accumulates in soil. High yield ensuring strategy of P fertilization is 
therefore not useful as a way of P management. Results suggest that keep
ing soil P content in the range of 50–80 mg P kg−1 and organic fertilization 
(and probably also legume cropping) are useful ways of using P from fertil
izers or soil reserves. Results also suggest that Mehlich III soil test brings 
useful information for P management.
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Introduction

Phosphorus (P) is a basic plant nutrient, often limiting plant growth and the yield of agricultural 
crops (Alewell et al. 2020). Its application to soil in organic or mineral fertilizers is a common 
practice in intensive agriculture. The rate of P fertilization necessary for appropriate yield is usu
ally estimated on the basis of crop P demand and soil P availability (Kl�ır, Kunzov�a, and �Cerm�ak 
2008; T�oth et al. 2014). However, it is very difficult to assess plant availability of soil P because it 
forms slightly soluble minerals that first need to be dissolved into a plant-available form in the 
rhizosphere (Hallama et al. 2019). An extraction agent should therefore dissolve P forms that are 
potentially available for plant uptake during the growing season. Numerous methods have been 
developed that determine the fraction of P related to plant uptake. One of the most widespread 
methods is the measurement of P in a soil extract according to Mehlich III (Mehlich 1984; Sedl�a�r 
et al. 2018). The Mehlich III method demonstrated a relationship between plant yield and soil P 
content, and limits for low, optimal, or excessive content in soil were estimated accordingly 
(Hopkins et al. 2018; Hopkins and Hansen 2019; Von Tucher, H€orndl, and Schmidhalter 2018). 
With a low P content in the soil, crop yield is limited by P. Increasing P availability increases 
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yield up to the level where plant growth is P-saturated. P availability and P fertilization above 
this saturation level have no effect on yield. In addition, excessive P application could negatively 
impact the uptake of other nutrients and microelements, such as Zn (Sedl�a�r et al. 2018; 
Bindraban, Dimkpa, and Pandey 2020). A successful analytical assessment of the P-limitation and 
P-saturation level is therefore very important information for nutrient management, which helps 
to determine appropriate P input rates (Kl�ır, Kunzov�a, and �Cerm�ak 2008).

On the basis of known features of P in soil, several approaches to P fertilization have been 
developed. Currently, the usual method of P management in agriculture is P fertilization of the 
soil, not of the plants. P is either applied according to its available content in the soil or is added 
at a rate that maintains a balance between inputs and outputs. Country-specific tables of sug
gested P-application rates have been developed (Kl�ır, Kunzov�a, and �Cerm�ak 2008). Some 
approaches suggest P application at a higher rate than demanded by the plant because of the low 
availability of P in fertilizers (Menezes-Blackburn et al. 2018). In contrast to the usual fertilization 
of soil, which involves applying large amounts of insoluble P, Withers et al. (2014) suggest fertil
ization of plants as an alternative method that adds a relatively small amount of P in a highly 
available form. Considering the low solubility of soil P, its solubilization through biological proc
esses in the soil is a very important factor in soil P availability. Biological activity is supported by 
sufficient inputs of organic matter from organic fertilizers (e.g. manure, compost, and cattle 
slurry). In addition, the roots of some crops have the ability to solubilize and uptake P. The 
strong capacity for P solubilization is usually attributed to legumes – their large root systems pro
duce exudates that directly interact with P minerals and indirectly support the activity of 
microbes, which release their own solubilizing agents (e.g. CO2 and organic acids). The applica
tion of P using organic fertilizers or together with organic fertilizers is therefore suggested in 
most manuals of P fertilization (Kl�ır, Kunzov�a, and �Cerm�ak 2008; Menezes-Blackburn et al. 2018; 
Hallama et al. 2019).

The effect of long-term P fertilization on soil P availability, yield, and plant uptake of P was 
investigated using data from a long-term field experiment. The effect of an increasing P fertiliza
tion rate on yield, plant P uptake, and P content in soil was estimated. The following hypotheses 
were tested: 1) up to some level, an increasing rate of P fertilization increases soil available P con
tent, yield, and P uptake and 2) annual change of P uptake and P content increases from negative 
to positive values at an increasing rate of P addition. The obtained data were used to evaluate dif
ferent strategies for P fertilization. The use of the Mehlich III method for estimating P availability 
is discussed.

Materials and methods

Crop sequence and treatments in a long-term field experiment

A long-term field experiment was established at 6 stations of the Institute for Supervising and 
Testing in Agriculture. Basic characteristics of the field stations and the year of experiment estab
lishment at each station are given in Table 1; crop sequence used in the experiment is given in 
Table 2. Crop sequence was multiple times repeated during the time course of the experiment, 
after the last crop in the crop sequence (barley), the subsequent crop sequence started with alfalfa 
(clover) as the first crop. According to the Czech classification, stations are divided into sugar
beet, and potato production areas. Stations HOR, CHT, JAR, and HRA belong to potato area, 
where potato is used in crop sequence as row crop. Stations PJA and UHO belong to sugarbeet 
area where sugarbeet represents row crops.

Rates of fertilization of each crop in the crop sequence are given in Table 3. P was applied as 
superphosphate, and K as potassium chloride, both fertilizers being applied in the fall preceding 
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crop establishment. Nitrogen was applied as ammonium sulfate before seeding and calcium 
ammonium nitrate was applied as a side dressing during vegetation.

Manure was applied to all fertilized treatments twice in all crop sequences: before sugarbeet or 
potato growing. Liming was performed in all treatments except for the control. The rate of lime 
addition was estimated according to pH value. At the lowest pH values in the range 4.6 − 5 
annual rate was 0.7 t Ca ha−1. It was applied at four-year intervals in one dose of CaO. No liming 
was performed above pH 6.5.

Each treatment had 6 replications organized as subplots using block design. The area of the 
individual subplot was 20 m2.

Parameters estimated in the field experiment

The yield of the harvested products was determined for each subplot of each treatment and each 
crop. Harvested products were grain of winter wheat and barley, sugar beet in sugar beet area 
(stations PJA and UHO), and potatoe in potato area (stations HOR, CHT, JAR, and HRA). 
Samples of harvested products were mixed from six subsamples, each subsample being collected 
from one subplot of each treatment. In total, 1 kg of each product was collected. Harvested prod
ucts were air-dried and ground before analysis. The P content of the harvested products was 

Table 1. Characteristics of field stations.

Station Abbreviation Area

Year of  
experiment  

establishment
Elevation  

(m)

Mean  
precipitation  

(mm)

Mean  
temperature  

(�C) Soil type

Hora�zd'ovice HOR PA 1978 472 585 7.8 C
Chrastava CHT PA 1977 345 738 8.0 L
Jarom�e�rice JAR PA 1975 425 481 8.0 L
Pust�e Jakartice PJA SA 1979 290 548 8.3 L
Hradec nad Svitavou. HRA PA 1981 460 599 7.5 L
Uhersk�y Ostroh UHO SA 1972 196 521 9.2 C

PA: potato production area; SA: sugarbeet production area
Soil types abbreviated as C, L, and Ch correspond to soil types Cambisol, Luvisol, and Chernozem, respectively.

Table 2. Crop sequence of the field experiment.

Year of crop sequence Sugarbeet area Potato area

1 Alfalfa Red clover
2 Alfalfa Red clover
3 Winter wheat Winter wheat
4 Potato Potato
5 Winter wheat Winter wheat
6 Spring barley Spring barley
7 Sugarbeet Potato
8 Spring barley Spring barley

Table 3. Rates of fertilization.

Treatment

Rate of mineral fertilization (kg ha−1)
Rate of manure  

application (t ha−1)
Rate of P input in  

manure (kg P ha−1) LimingN P K

Control 0 0 0 0 0 0
Manure 0 0 0 40 14 According to pH value
P0 90 0 66 14
P1 90 13 66 14
P2 90 26 66 14
P3 90 52 66 14
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determined using the method described by Zb�ıral et al. (2014) and Sedl�a�r et al. (2018). Soil sam
ples were collected each year after harvest from soil depth 0–30 cm at each subplot of each treat
ment. One kilogram of samples was air-dried and sieved using 2 mm sieve. P availability in soil 
was determined using extraction according to the Mehlich III method (Mehlich 1984; Zb�ıral et al. 
2016; Sedl�a�r et al. 2018).

Statistics

Data concerning the yield of winter wheat, barley, sugarbeet and potato, plant P uptake, and P 
availability in soil were evaluated. For each location and treatment, data collected during the 
whole period of the experiment were used for analysis. The effect of treatment was tested using 
two-way ANOVA, with the independent factors being treatment and year (Zar 2010). The differ
ences between treatments were determined using the Tukey’s test. Analyses were performed sep
arately for all treatments (control, manure, P0–P3) and for treatments which differed only by P 
fertilization rate (P0–P3).

Long-term changes were evaluated as a regression of the measured parameters and time. 
Annual changes in the parameters were calculated. Long-term changes in soil P content were not 
linear. Therefore, results were divided into three distinct periods with linear changes and analyzed 
separately. Statistica version 13 software (Tibco, Palo Alto, CA, USA) was used for statistical 
processing of the data.

Results

Effect of fertilization on crop yield

At most of the stations, winter wheat yield was insignificantly increased after manure application 
and a significant increase was observed following application of NPK at the rate P0 (Figure 1(A)). 
A higher rate of fertilization had no additional effect on yield. At the station UHO, no significant 
effect of fertilization on winter wheat yield was observed (Figure 1(A)).

When wheat yields were evaluated separately for treatments P0–P3, increasing the rate of P 
significantly increased the yield only at the stations Jar and UHO (Figure 2(A)). However, the dif
ferences were small, and they were not higher than 3%.

The same level of spring barley yield was attained in the control treatment and in the one 
treated with manure (Figure 1(B)). Treatments fertilized with P at the rates P0–P3 had signifi
cantly higher yield than the control treatment, with the differences between P0 and P3 being 
insignificant.

Comparison of treatments P0–P3 showed a significant increase of barley yield at 4 of 6 sta
tions, the difference being up to 9%. Insignificant differences were observed at the stations HRA 
and UHO (Figure 2(B)).

The yield of sugarbeet was increased by manure application, but this effect was significant 
only at the station PJA. Increasing the P fertilization rate above P0 had no effect on yield 
(Figure 1(C)).

Differences between separately evaluated treatments P0–P3 were significant at the station PJA.
The yield of potato fertilized with manure was insignificantly higher than the yield of the con

trol treatment at all stations (Figure 1(D)). The yield of treatment P0 was significantly higher 
than the yield of the control, but it did not significantly differ from the yield of treatments P1– 
P3. Comparison of treatments P0–P3 documented a significant increase in yields with an increas
ing rate of P addition at stations HOR, CHR, and JAR (Figure 2(C)).
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Figure 1. Yield (t ha−1) of winter wheat (A), spring barley (B), sugarbeet (C), and potato (D) during a long-term field experiment 
for 6 stations with different levels of P fertilization. The treatments control and manure correspond to an unfertilized control and 
the application of manure twice in the crop sequence, respectively. The treatments P0–P3 correspond to the application of 
manure, together with NPK fertilization, with P added at a mean annual rate of 0 kg P ha−1 (P0), 13 kg P ha−1 (P1), 26 kg P ha−1 

(P2), and 52 kg P ha−1 (P3). Data represent means and standard deviations. Different letters indicate significant differences 
between treatments (ANOVA and Tukey’s test, p< 0.05).
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Figure 2. Yield (t ha−1) of winter wheat (A), spring barley (B), sugarbeet (C), and potato (D) during a long-term field experiment for 6 sta
tions with different levels of P fertilization. The treatments P0–P3 correspond to the application of manure, together with NPK fertilization, 
with P added at a mean annual rate of 0 kg P ha−1 (P0), 13 kg P ha−1 (P1), 26 kg P ha−1 (P2) and 52 kg P ha−1 (P3). Data represent means 
and standard deviations. Different letters indicate significant differences between treatments (ANOVA and Tukey’s test, p< 0.05).
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Crop P uptake

At most stations, manure application insignificantly increased P uptake, and fertilization at the 
rate P0 significantly increased P uptake, compared with the control (Figure 3(A)). Fertilization at 
the rate P0 also increased P uptake in comparison with the manure treatment. The highest rate, 
P3, significantly increased P uptake above the level of uptake at P0 at five stations.

Significant differences were also observed between treatments P0–P3 (Figure 3(B)). The effect 
of increasing the P rate was only insignificant at the station PJA. When linear regression was cal
culated, P uptake was correlated with the rate of P addition, the slope of regression being 0.064. 

Figure 3. Mean annual P uptake (kg ha−1) in all treatments (A) and in four selected treatments with increasing rate of P only (B) 
in the field experiment. The treatments control and manure correspond to an unfertilized control and the application of manure 
twice in the crop sequence, respectively. The treatments P0–P3 correspond to the application of manure twice in the crop 
sequence, together with NPK fertilization, with P added at a mean annual rate of 0 kg P ha−1 (P0), 13 kg P ha−1 (P1), 26 kg P 
ha−1 (P2), and 52 kg P ha−1 (P3). Data represent means and standard deviations. Different letters indicate significant differences 
between treatments (ANOVA and Tukey’s test, p< 0.05).
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The expected decline in P uptake with a negative P balance was only observed for the control 
treatment at the station UHO (Figure 4 and Table 4).

Figure 4. Annual rates of crop P uptake (kg ha−1) of differently fertilized treatments in the field experiment. The treatments con
trol and manure correspond to an unfertilized control and the application of manure twice in the crop sequence, respectively. 
The treatments P0–P3 correspond to the application of manure twice in the crop sequence, together with NPK fertilization, with 
P added at a mean annual rate of 0 kg P ha−1 (P0), 13 kg P ha−1 (P1), 26 kg P ha−1 (P2), and 52 kg P ha−1 (P3).
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Soil P content

Increasing the rate of P fertilization significantly increased the available P content in the soil 
(Figures 5 and 6). When treatments with increasing rates of P (treatments P0–P3) were evaluated 
separately, all differences were significant.

Values fluctuated during the experiment (Figure 5) with periods of soil P accumulation and 
depletion. The supposed trend of P depletion at low values of P addition was however not 
observed (Table 5).

Soil pH value

The lowest pH value was observed at control treatment at all stations. It was significantly 
increased by manure application. In all treatments with mineral fertilization, insignificantly lower 
values were observed in comparison with manure-only treatment (Table 6).

Discussion

Effect of P fertilization on plants and soil

In general, yields of cultivated crops differed widely between differently fertilized treatments. 
However, it was especially the addition of mineral N that stimulated plant growth and yields. 
Nitrogen is often considered to be the main yield-limiting nutrient and this crucial effect of N 
addition has previously been reported for example by Hejcman, Kunzov�a, and �Srek (2012) or K�a�s 
et al. (2016). The lowest effect on yield showed manure-only treatment, despite significant input 
of nutrients applied in organic fertilizer. However, manure is applied twice in crop sequence and 
it is relatively poor as a source of easily available N. It has a long-term effect on fertility, but the 
immediate manure addition effect on crop yields usually realized only with added soluble N 
(Hijbeek et al. 2018). Therefore, the most significant effect on the yield of crops at most of the 
stations had an addition of N and K together with manure application (treatment P0) (Figure 1). 
Addition of increasing P rates with this level of N and K fertilization had relatively weak effect. It 
is probably the result of long-term P accumulation in soil that created a strong legacy effect over
riding the effect of added P (Barrow, Roy, and Debnath 2022). The effect of mineral P fertilizer 
addition in treatments P1–P3 was only significant when the effect of increasing the rate of P was 
evaluated separately. The highest gain in yield was observed for barley and potato, where an 
increase in yield was up to 9%. It is in agreement with the known demands of both crops on 
nutrients in easily available forms (Buczko et al. 2018; Hopkins and Hansen 2019).

Crop P uptake also increased up to the highest rate of fertilization. However, the increase in 
the P application rate was 52 kg P ha−1, while P uptake increased by only 3–4 kg P ha−1. The 

Table 4. Mean annual change in the P uptake of all crops during the time course of the field experiment (kg P ha−1 year−1). 
The treatments control and manure correspond to an unfertilized control and the application of manure twice in the crop 
sequence, respectively.

Station

Treatment

Control Manure P0 P1 P2 P3

HOR, n¼ 42 0.11 0.14 0.17 0.15 0.13 0.16
CHR, n¼ 43 0.03 0.005 0.02 0.02 0.05 −0.06
JAR, n¼ 45 0.03 0.06 0.09 0.09 0.09 0.13
PJA, n¼ 41 −0.20 −0.10 −0.17 −0.16 −0.22 −0.17
HRA, n¼ 39 −0.05 −0.04 0.08 0.06 0.04 0.04
UHO, n¼ 48 20.20 −0.11 −0.15 −0.1 −0.15 −0.10

The treatments P0–P3 correspond to the application of manure twice in the crop sequence, together with NPK fertilization, 
with P added at a mean annual rate of 0 kg P ha−1 (P0), 13 kg P ha−1 (P1), 26 kg P ha−1 (P2), and 52 kg P ha−1 (P3). Data 
represent the slope of the regression of annual P uptake and time. Significant values are indicated in bold.
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slope of linear regression was about 0.06, which means that only 60 g of P from each kilogram of 
P fertilizer, which is 6%, was taken up by plants. A higher rate of P fertilization than P0 is there
fore very inefficient as source of P and most of P added in mineral fertilizer above this rate is left 
over in the soil and is not fully used by plants (Figure 5). Similar results were also reported by 
K�a�s et al. (2016). In their study, the addition of P fertilizer had a limited effect on yield but 
increased soil available P content. From this point of view, a fertilization rate above P0 has a 
poor effect, and rates higher than P1 make no sense.

A comparison of crop yields and soil available P content suggests that P content in the range 
of 50–70 mg P kg−1, achieved at the rate P0, could be classified as optimal P availability. 

Figure 5. Mean available P content in the soil of differently fertilized treatments (A) and selected treatments with increasing 
rate of P fertilization (B) in the field experiment (mg P kg−1). The treatments control and manure correspond to an unfertilized 
control and the application of manure twice in the crop sequence, respectively. The treatments P0–P3 correspond to the applica
tion of manure twice in the crop sequence, together with NPK fertilization, with P added at a mean annual rate of 0 kg P ha−1 

(P0), 13 kg P ha−1 (P1), 26 kg P ha−1 (P2), and 52 kg P ha−1 (P3). Data represent means and standard deviations. Different letters 
indicate significant differences between treatments (ANOVA and Tukey’s test, p< 0.05).
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However, it is not possible to fully separate the effect of P added in manure and NPK fertilizer 
from the effect of other nutrients and other indirect effects of applied fertilizers. It is therefore 
possible that the real limit of sufficient P availability is lower, and applied fertilizers increase yield 
through the addition of N. Besides this, fertilizers not only affect directly the P availability 

Figure 6. Available P content in the soil of differently fertilized treatments in the field experiment (mg P kg−1). The treatments 
control and manure correspond to an unfertilized control and the application of manure twice in the crop sequence, respectively. 
The treatments P0–P3 correspond to the application of manure twice in the crop sequence, together with NPK fertilization, with 
P added at a mean annual rate of 0 kg P ha−1 (P0), 13 kg P ha−1 (P1), 26 kg P ha−1 (P2), and 52 kg P ha−1 (P3).
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through its input into soil, but they also change other soil features that change P availability, 
including microbial activity, organic matter content, and pH value (K�a�s et al. 2016; Hallama et al. 
2019; Kulh�anek et al. 2019). In this study, only results concerning pH values are available, bio
logical activity and humus content were not evaluated. The pH value was significantly changed 
by different rates of N, K, and manure addition. In general, the highest pH values were observed 
at manure treatment and the lowest ones at control, which is very different trend than this 
observed for soil P content. Manure fertilization increases pH through the input of cations (Ca, 
K, and Mg) and the buffering effect of added organic matter. A slightly negative effect of mineral 
fertilization on pH value could be explained by the acidifying effect of ammonium sulfate used as 
a source of nitrogen in the experiment. All these changes could affect also soil P availability. 
However, the effect of pH increase or decrease on soil P availability could not be fully distin
guished from other effects of fertilizers and a clear relationship between pH and other measured 
parameters was not observed. Results were compared with other studies concerning the effect of 
P availability and P fertilization on yield. K�a�s et al. (2016) reported a small effect of P fertilization 
on winter wheat grain yield in soil with P content higher than 100 mg kg−1 in a long-term field 
experiment. M€uhlbachov�a et al. (2016) found a significant increase in barley biomass yield at an 
increasing rate of P application in soil with a P content of 57 mg kg−1. The reported results sug
gest that P fertilization has a positive effect on yield for soil P content up to 50–60 mg kg−1. For 

Table 5. Mean annual change in soil P content in three distinct periods of a long-term field experiment (mg P kg−1 year−1).

Station

Treatment

Period Control Manure P0 P1 P2 P3

Hor, n¼ 42 72–88 −0.206 0.187 0.261 0.241 0.281 0.580
89–04 0.141 0.810 1.580 1.760 2.040 1.260
05–19 0.514 1.030 0.630 0.156 −0.612 −1.258

Chr, n¼ 43 72–88 −1.331 −0.463 −1.494 0.050 1.830 0.539
89–04 0.870 1.160 0.163 0.040 0.201 −0.398
05–19 2.150 2.380 2.680 3.840 4.710 4.780

Jar, n¼ 45 72–88 −0.859 −1.138 −1.545 −1.197 −0.176 −0.223
89–04 0.273 −0.294 −0.251 −1.143 −0.421 −0.622
05–19 3.199 5.236 5.622 6.704 6.237 10.369

Pja, n¼ 41 72–88 2.677 1.523 2.857 3.767 5.247 8.074
89–04 1.837 0.956 0.210 0.876 1.536 3.919
05–19 −0.142 1.866 0.909 1.544 0.497 0.952

HRA, n¼ 39 72–88 0.492 −0.540 3.760 1.410 0.842 −0.921
89–04 1.360 0.331 0.486 0.698 0.482 1.670
05–19 1.654 1.880 2.888 1.508 2.710 1.190

UHO, n¼ 48 72–88 24.873 25.660 23.914 23.157 23.039 20.762
89–04 0.159 1.850 1.559 0.960 1.636 2.456
05–19 0.432 −0.535 0.391 −0.111 0.351 1.630

The treatments control and manure correspond to an unfertilized control and the application of manure twice in the crop 
sequence, respectively. The treatments P0–P3 correspond to the application of manure twice in the crop sequence, together 
with NPK fertilization, with P added at a mean annual rate of 0 kg P ha−1 (P0), 13 kg P ha−1 (P1), 26 kg P ha−1 (P2), and 
52 kg P ha−1 (P3). Data represent the slope of the regression of annual P uptake and time.

Significant values are indicated in bold.

Table 6. Mean pH value during long-term field experiment.

Station

Treatment

Control Manure P0 P1 P2 P3

HOR, n¼ 44 5.6 ± 0.3a 6.1 ± 0.2c 5.9 ± 0.3b 5.9 ± 0.3b 5.9 ± 0.3b 5.9 ± 0.3b
CHR, n¼ 45 4.8 ± 0.4a 5.8 ± 0.4b 5.7 ± 0.5b 5.6 ± 0.4b 5.6 ± 0.5b 5.7 ± 0.4b
JAR, n¼ 47 5.3 ± 0.3a 6.2 ± 0.2c 6.0 ± 0.3b 6.0 ± 0.3b 6.1 ± 0.4b 6.0 ± 0.3b
PJA, n¼ 43 5.8 ± 0.4a 6.3 ± 0.3b 6.2 ± 0.4b 6.2 ± 0.4b 6.3 ± 0.4b 6.1 ± 0.4b
HRA, n¼ 41 6.0 ± 0.4a 6.5 ± 0.3b 6.4 ± 0.4b 6.3 ± 0.4b 6.3 ± 0.4b 6.3 ± 0.4b
UHO, n¼ 50 6.8± 0.2 cd 7.0 ± 0.2d 6.5 ± 0.3b 6.4 ± 0.3ab 6.7 ± 0.3c 6.3 ± 0.3a

Different letters indicate significant differences between treatments (ANOVA and Tukey’s test, p< 0.05).
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P content higher than 100 mg kg−1, fertilization has no effect. This is in agreement with our 
results. Comparable data are scarce, but they usually indicate a lower limit for maximal yield, for 
example Hopkins and Hansen (2019) reports 45 mg P kg−1.

When the effect of P availability on crop yield is being evaluated, the demands of soil organ
isms should also be considered. �Capek et al. (2018) report the effect of N and P availability on 
interactions between plants and soil microbes. Although these interactions are seldom studied in 
fertilization experiments, their impact on P management should not be overlooked.

The expected decline of the P content in soils with a lower rate of P input was not supported 
by the obtained data. It could be attributed to mobilization from soil reserves. P could be mobi
lized by the activity of roots or microbial activity. Increasing the inputs of N, K, and other 
nutrients increases plant P demands, but it can also speed up the process of P mobilization from 
organic matter and from other insoluble forms. These mechanisms may help to maintain soil P 
availability despite limited P inputs. A significant, but largely unknown amount of P could also 
be provided by subsoils (Kautz et al. 2013). Under the conditions of European agriculture, strong 
evidence exists that long-term P inputs exceeded P outputs. Therefore, large reserves of P are 
accumulated in soils (Sattari et al. 2012). The storage of a significant amount of P in soil could 
explain the observed differences between experimental treatments in the studied soils. The signifi
cance of accumulated reserves as a source of P has been suggested by, for example, Withers et al. 
(2014) and Spohn et al. (2016).

Different methods of P fertilization as they relate to experimental results

High yield, ensuring fertilization – high rates ensure maximal attainable yield. It is often argued 
that P fertilizers should be applied in excess, which ensures sufficient P uptake by plants at the 
usually low availability of P from fertilizers (Menezes-Blackburn et al. 2018; Blackwell, Darch, 
and Haslam 2019). This method does not seem to be efficient in terms of the presented results – 
yield gain at the highest rate of P application (Figure 1) is small (0–5%); it is highly P demand
ing, and unused P accumulates in soil (Figures 1, 2, and 5).

Use of soil P reserves – the studied soils contain large stores of P, which provides an annual P 
supply of at least 15 kg P ha−1 (Figure 3). This rate of P supply seems to be stable during the 
time course of the experiment (Table 4). Management of the studied sites was not documented 
before establishment of the experiment. However, high fertilization rates were commonly used in 
the preceding period (1950–1970) and the presence of legacy P (Sattari et al. 2012; Menezes- 
Blackburn et al. 2018) in the soil is probable. The question remains whether P should be further 
added as fertilizer, or accumulated soil reserves should be preferentially utilized (Withers et al. 
2014). The utilization of soil P should be promoted by soil microbial activity, the growing of 
crops that efficiently uptake P from insoluble forms, and the sufficient application of other 
nutrients (N, K, S, microelements, etc.) (Menezes-Blackburn et al. 2018; Hallama et al. 2019; 
Ludewig, Yuan, and Neumann 2019; Schneider et al. 2019; Cui et al. 2021). Under the conditions 
of the field experiment, the planting of clover or alfalfa should be an important factor for P 
mobilization from insoluble forms and deeper soil layers (Wollmann et al. 2018; Hallama et al. 
2019).

Maintaining P content in soil at the optimal level according to soil analysis – the results sug
gest that optimal P availability is within the range of 50–80 mg kg−1. This is higher than the crit
ical values of 25–35 mg P kg−1 proposed by Malarino (2003). Hopkins et al. (2018) report 55 mg 
P kg−1 as the upper range for responsiveness to P fertilization. However, it is not possible to fully 
separate the effect of P addition on yield from the effect of the other nutrients applied. Therefore, 
it is possible that the addition of other essential nutrients (especially N) should lead to a similar 
effect, even with a lower P content in the soil. The results of this study suggest that at least the 
accumulation of unused P may be monitored by method Mehlich III.
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Maintaining a balance of inputs and outputs – in our study we hypothesized that soil P avail
ability, yield and P uptake decrease with a negative P balance. However, they remained relatively 
constant, even with the long-term absence of P input for the control treatment (Table 5). This 
suggests that maintaining a balance was not necessary for sufficient P availability. It is more likely 
that with a sufficient supply of legacy P from soil reserves, maintaining a balance leads to over- 
fertilization. However, the effect of a P balance should be more pronounced with a longer time 
scale. Maintaining a balance of inputs and outputs is therefore controversial without regular soil 
testing.

Organic fertilization – organic matter of high quality is usually a rich source of plant-available 
nutrients, including P. In the present experiment, the input of manure significantly contributed 
to P uptake. The significance of organic fertilization as a P source is also reported by Kulh�anek 
et al. (2019). Organic fertilization is not only a source of P, but it also increases its availability 
(Dao 2014). Manure, as a source of P, may explain the limited additional effect of P fertilization 
above the P0 level.

Fertilization of the plant, not the soil – the usual approach to P fertilization is to fertilize the 
soil, not the plant. However, P is largely immobilized in the soil, and the use of applied P is lim
ited. Methods are therefore sought to apply P directly to a plant with an efficiency as high as pos
sible, such as local fertilization (Jing et al. 2010), foliar application (Mosali et al. 2006), fertilizers 
based on polyphosphates, etc. (Withers et al. 2014). The presented results suggest that the usual 
method of P addition increases soil P content, but the real contribution to P uptake is a few kg P 
ha−1 at the highest rate of P fertilization. The application of P in a highly available form should 
replace the effect of this highly inefficient input at a relatively low fertilization rate.

Conclusions

Increasing inputs of P in mineral or organic form has a significant, but limited effect on crop 
yield and plant P uptake. Unused P accumulates in the soil at higher rates of P addition rather 
than increasing soil fertility. High yield ensuring strategy of P fertilization is therefore not useful 
as a way of P management. The expected decline of soil P and plant P uptake at a low level of P 
fertilization was not observed. Large reserves of P in the studied soils could be transformed into a 
plant-available form. Results suggest that keeping soil P content in the range of 50–80 mg P kg−1 

and organic fertilization (and probably also legume cropping) are useful ways of using P from 
fertilizers or soil reserves. Results also suggest that the Mehlich III soil test brings useful informa
tion for P management.
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