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From the Author 

Maize is a crop characterized by a very high yield potential, which is expressed both 
by biomass production as well as grain yield. Modern varieties of maize are characterized 
by considerably high resistance to abiotic environmental factors. Therefore, it is widely 
cultivated in temperate climate zones. This is why the crop is very useful in food and 
feedstuff production. At present, maize is also considered to be one of the important 
renewable energy carriers. 

Formation of maize yield due to the fi xed number of plants per unit fi eld area, 
already at planting is simplifi ed in comparison to other cereals. This crop development 
can be split in two periods. The fi rst one extending from tasselling to water stage of 
kernel’s growth is called the critical window of yield formation. This period which 
defi nes the potential grain yield, is signifi cantly affected by external factors, i.e, water 
and nutrients supply. The second main period of yield development, ripening is to a great 
extent dependent on the type of variety, classical or stay-green. Accumulation of dry 
matter by growing cob of a classical variety depends on both, current photosynthesis of 
leaves as well as on assimilates remobilized from pre-anthesis resources accumulated in 
stem and leaves. Yield development by a stay-green variety is meanwhile more affected 
by the photosynthetic activity of current leaves. Therefore, fertilizing strategy of modern 
maize varieties aimed at the higher greenness of leaves, considered as a plant organ 
supplying assimilates both to developing kernels and roots, is much more sophisticated. 

The most effi cient fertilization practices are aimed at balancing nitrogen by other 
mineral nutrients, especially magnesium, sulfurs and zinc. The date in the literature 
usually focuses on the specifi c yield-forming functions of these nutrients. However, they 
rarely explain how particular nutrients interact in the process of determining the nitrogen 
supply to maize canopy during critical stages of yield formation and in increasing 
nitrogen use effi ciency.

In the last decade, the author of this monograph has participated in a series of research 
studies carried on at the Department of Agricultural Chemistry and Environmental 
Biogeochemistry, University of Life Sciences in Poznań. The aim of these researches 
was to explain the role of secondary nutrients and zinc in fertilization of maize, supplied 
with different rates of nitrogen.  The scope and subject of the research are innovative not 
only in Poland but also in the Central-Eastern Europe with similar climate conditions.   

In the presented monograph author evaluates nutrient balance status of maize at 
anthesis and, on this base, tries to predict the fi nal grain yield. Following the assumption 
that the concentration and distribution of mineral nutrients between plant organs refl ect 
ex post  conditions during vegetation, maize nutrient status was also subjected to a post-
harvest evaluation (at the stage of full maturity of kernels). This served as the basis for 
developing the hierarchy of yield forming roles of each micronutrient in different maize 
fertilization systems.   

Zinc fertilization of maize has been a subject of research studies for a long time. 
However, in this monograph the role of this particular micronutrient in relation to 
specifi c critical stages of yield formation of maize is discussed. It has been recognized 
that the role of zinc is very complex as it depends on both zinc source and accompanying 
ions as well as on the level of nitrogen nutrition in plants. Thus the study presented in 
the including papers may become a basis for developing precise recommendations as 
regards zinc fertilization.

Jarosław Potarzycki



NEW APPROACH TO FERTILIZER 
RECOMMENDATIONS CONCERNING POTASSIUM 

CASE STUDY FOR POLAND 

Mariusz Fotyma 

Institute of Soil Science and Plant Cultivation – State Research Institute, 
Puławy, Poland 

Abstract

The fi rst part of the paper presents results of laboratory research; including 
27 thousands soil samples from all over Poland on the content of water soluble 
KH2O and available Egner DL, KDL soil potassium. The derivative soil parameters, 
i.e. potassium buffer capacity Q/I (as KDL/KH2O) and simulated concentration of 
potassium in soil water at full water capacity, FWC is analyzed as well. The second 
part presents the new calibration fi gures for KDL, based on water soluble potassium. 
These fi gures are lower than the offi cially used ones which make possible more 
economical potassium management. The new, preliminary approach to potassium 
fertilizer recommendation is described. The novelty of this system relies on splitting 
the system of recommendation into two stages. In the fi rst stage plant potassium 
demands are established, and in the second one potassium fertilizer rates in relation 
to crop potassium uptake are given.
Key words: soil potassium, exchangeable potassium, potassium in soil water, 
potassium fertilizer recommendations

Introduction

According to the conceptual approach in literature four basic pools of potassium in 
soil are distinguished: total, fi xed (not exchangeable), exchangeable and in soil solution 
[Syers 2003, Oborn et al. 2005]. The potassium in these pools differs as regards to its 
availability for crop. Total potassium is practically unavailable, fi xed - slowly available, 
exchangeable - readily available and in soil solution - immediately available [Romheld, 
Kirkby 2010]. In agricultural practice so called available potassium is its form soluble 
in experimentally determined solution. This form includes the whole soil solution, a 
great part of exchangeable and a little of fi xed potassium. In Poland Egner-Riehm DL 
method called further Egner DL, based on solution of calcium lactate buffered with 
hydrochloric acid, is offi cially used [PN-R-04022, 1996]. 
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From the soil viewpoint, the problem of potassium seems therefore to be 
quite straightforward but potassium availability for crops depends not only on its 
content in the exchangeable form but many other factors are involved here. To these 
factors belong the clay mineralogy, soil moisture, roots morphology, crop species 
and genotype to mention a few only. According to Romheld and Kirkby [2010] the 
problem of potassium availability should be thus reappraised again. This paper makes 
a small contribution to this problem focusing on the relations between the potassium 
in soil water (easily available) and exchangeable one (readily available). 

Methods

In the investigations soil samples collected from farmer’s fi elds for the purposes 
of fertilizer recommendations were used. From the huge number of samples each 
of 17 Agrochemical Laboratory selected at random about 1600 ones and analyzed 
them for the content of readily available potassium by offi cial Egner-DL method. 
Soil texture by “fi nger” method and soil pH in one mol·dm-3 KCl was determined 
as well. A part of the sample was provided to the laboratory of the author’s Institute 
and analyzed for water soluble, i.e. easily available soil potassium. The extraction 
was done using water by soil/water soil/water ratio as 1/5. In the data bank, the 
results of analysis for about 27000 soil samples have been collected. These dates 
were processed by statistical analysis using Statgraphic Century package. Besides 
of directly accessible data i.e. the content of KDL and KH2O the derivative data were 
processed as well. These data are the relation KDL/KH2O called potassium buffer 
capacity Q/I and potassium concentration K v/v in the soil water calculated from the 
content of KH2O and the presumed water content at the point of full water capacity 
FWC. The standard basic soil physical properties, which make possible these 
calculations, are presented in table 1.

Table 1.  Standard values of the physical soil parameters depending on soil texture 
[Fotyma, et al. 2010]

Soil texture Soil density 
kg·dm-3

Full soil water capacity
Coeffi cient Wp

*FWC v/v 
dm3·dm-3

FWC v/w 
dm3·kg-1

Very light 1,533 0,125 0,082 12,2
Light 1,500 0,174 0,116 8,62
Medium 1,433 0,291 0,203 4,93
Heavy 1,300 0,433 0,331 3,02

*Wp coeffi cient to recalculate the content of potassium in bulk of soil into concentration of potassium in 
the soil water (concentration mg Kv/v ·dm-3 = content mg KH2O ·kg-1 * Wp , Wp= 1 mg K/FWC v/v) 
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Results

The basic statistics of the directly accessed as well as derivative data are presented 
in tables 2 and 3. The content and concentration of potassium, as well as Q/I value 
depended strongly on soil texture and less strongly but signifi cantly on soil pH. 

Table 2. Summary statistics of the data for soil texture 

Soil 
texture

Number 
of 

samples

KDL mg K·kg-1 
soil

KH2O mg K·kg-1 
soil

Kv/v mgK·dm-3 
soil water* KDL/KH2O= Q/I

average median average median average median average median

very 
light 2104 79,8 74,7 24,9 22,5 309 279 3,31 3,18

light 10476 111 108 30,8 28,5 265 246 3,79 3,65

medium 10758 123 116 26,7 24,3 132 120 4,96 4,72

heavy 3610 137 125 27,9 25,4 84,2 76,7 5,39 5,25

total 26948 117 110 28,3 26,0 - - 4,44 4,16

* for soils saturated to full water capacity FWC (see Tab. 1)

Table 3. Summary statistics of the data for soil acidity pH 

Soil 
acidity

Number 
of 

samples

KDL mg K·kg-1 soil KH2O mg K·kg-1 soil KDL/KH2O = Q/I

average median average median average median

very acid 4444 86,7 75,8 21,3 18,8 4,26 3,92

acid 7702 115 109 27,1 25,3 4,53 4,26

slightly 
acid

7723 128 123 31,1 29,6 4,45 4,18

neutral 4177 129 122 31,3 29,6 4,50 4,23

alkaline 2901 122 114 30,5 28,3 4,33 4,08

The content of readily available potassium KDL increases regularly from the very 
light to heavy soils and it is lower in very acid and acid soils, then in non acid soils. 
It must be, however, stressed upon comparatively low representativeness of very 
light and heavy soils. The content of easily available potassium KH2O is relatively 
independent of the soil texture and KDL alike is lower in the very acid and acid soils. 
Potassium concentration in soil water Kv/v decreases considerably from the very light 
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to heavy soils. It is linked to higher water content in medium and heavy soils at the 
point of full water capacity. Potassium buffer capacity Q/I increase from the very 
light to heavy soils. It can be explained by increasing percent of silt and clay in these 
soils.

The distribution of the data was not normal. Therefore, the better measure of 
mean value is median and not the arithmetic average and the better measure of data 
dispersion is the fractal distribution and not standard deviation. In tables 4-7 the 
distribution of the date in fi ve fractals called further percentiles in dependence on the 
soil texture are presented. 

Table 4. Percentiles of available potassium content KDL depending on soil texture 

Soil 
texture

KDL mg·kg-1 soil in percentile range Median

0 – 20 20 – 40 40 – 60 60 – 80 80 – 99

Very
 light 5,0 – 41,5 41,6 – 63,1 63,2 – 88,0 88,1 – 116 117 – 194 74,7

light 5,5 – 63,1 63,2 – 93,8 93,9 – 122 123 – 158 159 – 249 108

medium 5,5 – 68.9 69,0 – 99,6 99,7 – 134 135 – 174 175 – 274 116

heavy 8,5 – 74,7 74,8 – 107 108 – 145 146 – 198 199 – 335 125

total 5,0 – 63,9 64,0 – 95,4 95,5 – 125 126 – 166 167 – 276 109

Table 5. Percentiles of water soluble potassium content KH2O depending on soil 
texture 

Soil texture
KH2O mg·kg-1 soil in percentile range 

Median
0 – 20 20 – 40 40 – 60 60 – 80 80 – 99

very light 1,9 – 13,1 13,2 – 19,2 19,3 – 26,6 26,7 – 35,9 36,0 – 61,0 22,5

light 2,5 – 16,5 16,6 – 24,5 24,6 – 33,0 33,1 – 44,2 44,3 – 72,0 28,5

medium 1,6 – 13,4 13,5 – 20,5 20,6 – 28,6 28,7 – 38,7 38,8 – 66,2 24,3

heavy 1,5 – 13,8 13,9 – 21,5 21,6 – 30,0 30,1 – 40,3 40,4 – 69,2 25,4

total 1,5 – 14,4 14,5 – 22,1 22,2 – 30,3 30,4 – 40,9 41,0 – 69,0 26,0
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Table 6.  Percentiles of potassium concentration Kv/v in the soil water in the soil layer 
0-30 cm, depending on soil texture* 

Soil 
texture

Kv/v mg K·dm-3 soil water in percentile range 
Median

0 – 20 20 – 40 40 – 60 60 – 80 80 – 99

very light 23,6-162 163-238 239-330 331-445 446-756 279

light 21,5-142 143-211 212-284 285-381 382-620 246

medium 7,89-66,0 67,0-101 102-141 142-191 192-326 120

heavy 4,43-41,7 41,8-64,9 65,0-90,6 90,7-122 122-209 76,7

* for soils saturated with water to full water capacity FWC (see Tab. 1) 

Table 7. Percentiles of soil potassium buffer capacity Q/I  depending on soil texture
 

Soil texture
Q/I values  in percentile range 

Median
0 – 20 20 – 40 40 – 60 60 – 80 80 – 99

very light 0,80 – 2,53 2,54 – 2,98 1,99 – 3,41 3,42 – 4,04 4,05 – 6,0 3,18

light 0,77 – 2,86 2,87 – 3,41 3,41 – 3,91 3,92 – 4,68 4,69 – 6,83 3,65

medium 0,54 – 3,67 3,68 – 4,38 4,39 – 5,13 5,14 – 6,20 6,21 – 9,19 4,72

heavy 1,19 – 3,62 3,63 – 4,76 4,77 – 5,77 5,78 – 7,0 7,1 – 10,4 5,25

total 0,54 – 3,12 3,13 – 3,80 3,81 – 4,56 4,57 – 5,66 5,67 – 9,21 4,16 

Discussion

Concentration of potassium in soil water, KH2O

Potassium in the soil solution is easily accessible for the plant roots, through 
the processes of fl ow with water and diffusion. In the own research due to technical 
reasons this concentration was not measured but approximated as the amount of K 
extracted from the dry soil with water KH2O and further recalculated to potassium 
concentration Kv/v in the soil water at full water capacity FWC. Therefore KH2O and 
Kv/v are closely linked with each other but one must remember that the unit for the fi rst 
parameter is mgK·kg-1 soil dry matter and for the second one mgK·dm-3 soil water at 
FWC. To avoid any misunderstandings the Kv/v parameter will be called potassium 
concentration in the soil water. The median value of this concentration, depending on 
the soil texture was in the range 76,9–279 mg K·dm-3, that is 2–7 mmol·dm-3 (Tab. 6). 
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This further indicates the difference between K concentration in the soil solution 
and K concentration in the soil water at FWC. The fi rst one in fertile soils only 
exceptionally exceeds 2 mmol·dm-3 [Sparks 2003, Labętowicz 1995] 

In spite of these differences, the amount of potassium extracted with water 
seems to be more closely related to plant potassium requirements than the content of 
KDL. This amount is, however, still too low for covering the full requirement of high 
yielding crop and, in vegetation season has to be replenished from  exchangeable 
(here KDL) and even from fi xed forms of this element. 

Relation between available KDL and water soluble KH2O potassium  

In the own research close correlation was found between KDL and KH2O, 
whereas the course of the corresponding regression line depends on the soil texture 
and soil pH. The multiplicative linear regression model gave the best fi t for this 
relation (Tab. 8). These equations were further used to calculate the amounts of KDL 
for a given content of KH2O. However, the approximation of these relations to straight 
lines, using the method of regression lines comparison, gives a better image of the 
infl uence of soil texture on the course of relations between KDL and KH2O (Tab. 9, 
Fig. 1). 

Table 8. Parameters of the regression lines describing relations between KDl and KH2O 
depending on soil texture and soil acidity (multiplicative model KDL= a· KH2O

b)

Coeffi -
cient

Coeffi cients for soil texture Coeffi cients for soil acidity pH 

v. light light medium heavy v. acid acid sl. acid alkaline neutral 

a 3,7502 5,3467 9,0245 11,1995 5,3939 7,3410 8,9418 10,4187 9,0866

b 0,9442 0,8820 0,7925 0,7456 0,8928 0,8267 0,7696 0,7273 0,7556

R2 77,2 74,8 72,1 62,1 63,9 66,2 65,1 67,2 67,1

Table 9. Parameters of the regression lines describing relations between KDl and 
KH2O calculated from the model of regression lines comparison.

Coeefi 
cient

Coeffi cients for soil texture Coeffi cients for soil acidity pH 

v. light light medium heavy v. acid acid sl. acid alkaline neutral 

a 11,5788 25,2245 34,6905 42,1816 17,4406 32,9757 38,1914 41,6069 33,0965

b 2,7386* 2,7972* 3,2964 3,4125 3,2529 3,0204 2,8891 2,7788 2,9190

R2 66,4 59,9
* not signifi cant difference
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The steepness of regression lines decreases in the direction from the very light 
to heavy soils. It means that the change of KDL by one unit brings about as smaller 
changes of the potassium concentration in water as the soil is heavier. It can be 
explained by higher buffer capacity of heavy soils. 

Fig. 1. Relation between the content of readily available KDL 
and water soluble KH2O potassium

Similar regularity for the soil texture has been found by Labetowicz (1995) who 
included the content of clay (soil particles less than 0, 002 mm) as a discriminating 
factor to the comparison of regression lines.  In the own research, the granulometric 
composition of soils was not analyzed and four classes of soil texture could be 
distinguished only. As results from tables 8 and 9 the relation between KDL and KH2O 
depends slightly on the soil pH, and the demarcation line runs between very acid and 
acid soils from one side and no-acid soils from another one. This problem will not 
be discussed any further. 

In most of the countries, the measure to asses the K status of the soil for the 
likelihood of obtaining the yield increases under the infl uence of K fertilization is 
the content of so called available or exchangeable potassium. Available potassium 
is extracted from air dried soil samples by a number of chemical extractants, which 
choice depend mainly on local tradition. Differences between these extractants 
are rather marginal [Grzebisz and Oertli 1993, McLean, Watson 1985]. In Poland 
available potassium is measured in buffered calcium lactate solution according to 
Egner-DL procedure [PN-R-04022, 1996, Grzebisz and Fotyma 2007]. Fertilizer 
recommendations are based on determining so called critical level of readily available 
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potassium on a range of soil types (Johnston 2007]. The soil characteristics which 
mostly determine the potassium critical level is its granulometric composition, 
or more broadly soil texture. Around the critical level, few classes of potassium 
availability are usually distinguished. Since 1968 fi ve levels of available potassium 
content are in force in Poland superimposed on four groups of soil texture - very 
light, light, medium and heavy soils. In the consequence recommendation system 
deals with 20 classes of available potassium content in soil (see Tab. 10). This 
system of calibration the available potassium, i.e. fi ve ranges of potassium content, 
times 3-4 groups of soil texture are common in most of Central-Eastern European 
countries [Fotyma and Shepherd 2000]. However, both the choice of extractants and 
the critical levels of potassium content differ considerably between the countries. 
In the years 2006 – 2007 the program of inter laboratory soils sample exchange 
has been launched by 10 Central-Eastern European countries belonging to the so 
called MOEL (Mittel Ostern Europaeischen Landern) group, in order to compare 
soil testing methods and fertilizer recommendations [Fotyma and Dobers 2008]. The 
critical level of available potassium, recalculated for all countries into KDL varied 
from 84 mg KDL·kg-1 soil according to the Lithuanian laboratory to 179 mg K·kg-1 
soil for Czech and Slovak Republic laboratories. Kuchenbuch and Buczko [2009] 
stresses upon the inadequacy of such a system. These authors reinterpreted past 
experiments with K fertilization using non parametric data mining procedure and 
proposed to supplement this seemingly straightforward system by others measurable 
soil parameters. Purely experimental approach for further improving the potassium 
calibration fi gures, i.e. regressing available K content against plant indices seems, 
however, to be impossible due to the fi nancial and organizational constraints.

Recalibration of available KDL soil potassium 

On the base of the results of own research another approach to the problem 
of available potassium calibration is suggested, by relating the content of available 
potassium KDL to the potassium content in water KH2O. As results from table 5 the 
content of water soluble potassium KH2O is practically independent of the soil texture. 
Therefore, the concentration of potassium in the soil solution, by the same volumetric 
percentage of water should be similar in all soils independently of their texture. For 
instance, if different soils contain 0,125 dm3water·dm-3 soil than the concentration 
of potassium calculated from the data in Tab.1 should be, 279, 342, 279 and 265 
mg K·dm-3 soil water for the very light, light, medium and heavy soil respectively. 
From this regularity, the conclusion can be drawn that by equal concentration of 
potassium in soil solution i.e. by the equal amount of water soluble potassium KH2O, 
soils of different texture are potentially providing plants with the similar amount of 
an immediately available element. The offi cial system of soil testing in Poland is, 
however, based on available KDL and not on potassium in water KH2O. Therefore, the 
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amounts of water soluble potassium from the bottom row of table 5 was recalculated 
to the content of KDL using regression equations for the soil textural groups from 
table 8. The results are presented in table 9, as “new” classes of available potassium 
content. These classes correspond to percentile ranges of KH2O in the bottom row of 
table 5. The proposed classes of available soil potassium KDL, based on the principle 
of equal concentration of water soluble potassium KH2O, independently of the soil 
texture, differ quite considerably from the classes offi cially used in Poland (Tab.10)

Table 9. Proposed classes of available potassium content KDL (rounded) depending 
on soil texture (calculated from the bottom row of table 5 and regression 
equations from table 8)

Soil texture
KDL mg·kg-1 soil in availability classes  Median 

(critical 
level)very low low medium high very high 

very light <46 47 – 70 71 -  94 95 – 125 >125 82

light <56 57 – 82 83 – 108 109 - 141 >141 95

medium <75 76 – 105 106 – 135 136 – 170 >170 120

heavy < 82 83 – 113 114 – 142 143 – 178 >178 128

Table 10. Offi cial classes of available potassium content KDL depending on soil 
texture [Fotyma, Shepherd 2000].

Soil texture
KDL mg·kg-1 soil in availability classes  Median 

critical very low low medium high very high 

very light < 21 22-62 63-104 105-145 > 146 83

light < 41 42-83 84-124 125-166 >167 104

medium < 62 63-104 105-166 167-207 >208 135

heavy < 83 84-125 126-207 208-249 > 250 166

The proposed critical levels of available potassium KDL is generally lower than 
the offi cial ones. The gap between these levels widens in the direction from the 
very light to heavy soils. The comparative analysis of tables 9 and 10 reveals that 
the offi cial approach over privileged the medium and particularly the heavy soils 
and under privileged the very light and light ones. Introduction the proposed KDL 
classes to the running system of fertilizer recommendations would generally result 
in decreasing the potassium rates, more so as the soil is heavier. To validate this 
concept the series of fi eld experiments with increasing potassium rates would be the 
best, however in short time unrealistic solution. For the time being, the distribution 
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of potassium content in the offi cial and proposed classes have been made on the 
same set of over 27000 soil samples. It was supposed that due to their number these 
samples represent the whole area of arable soils in Poland. If this assumption is 
meaningful than the percent of samples in a given availability class should be similar 
in all four groups of soil texture. The classifi cation of analyzed soil samples has 
been performed, according to the offi cial (Tab. 10) and proposed (Tab. 9) calibration 
classes and presented on Fig. 2 and Fig 3.

Fig. 2. Double cross tabulation of 27000 soil samples according to the offi cial 
system of soil potassium calibration. 

Fig. 3. Double cross tabulation of 27000 soils samples according to the proposed 
system of soil potassium calibration. 

Comparing fi gures 2 and 3 the conclusion can be drawn that, the proposed 
system of soil potassium calibration offers much more uniform system of soil 
sample classifi cation among different classes of potassium content. According to 
author’s opinion, it supports the superiority of the new system, which is  based on 
the principle of equal concentration of water soluble potassium independently of soil 
texture, over the offi cial one.



15
New approach to fertilizer recommendations concerning potassium 

New approach to potassium fertilizers recommendations

As a matter of fact, fertilization recommendations for potassium in Poland are 
still based on the old principle “build up and maintenance “[Bray 1954]. Two main 
factors are recognized here, plant potassium requirements (or simply uptake with 
the fi nal yield) and the content of available potassium in the soil. According to this 
principle at the critical level of potassium in the soil the rate of fertilizer should 
correspond to uptake of this element with the expected crop yield. By the very low 
and low potassium content the increases, and by high and very high content the 
decreases of this uptake is recommended using additive or multiplicative correction 
coeffi cients. This system is simple and therefore, attractive but has many limitations 
partly discussed by Kuchenbuch and Buczko[2009].

On the base of own research more sophisticated system is proposed starting from 
the concentration (content) of water soluble potassium KH2O. Three main parameters 
are distinguished here:

Icrit (kgKH2O·ha-1) – critical amount of water soluble potassium KH2O corresponding 
to plant potassium requirements,

I opt (kg KH2O·ha-1) – optimal amount of water soluble potassium KH2O in the soil layer 
0-30 cm, 

Iact (kg H2O·ha-1) – actual amount of water soluble potassium KH2O in the soil layer 
0 – 30 cm 

The parameter Icrit is calculated as the potassium uptake with a fi nal, expected 
yield of a given crop. According to author’s approach, potassium uptake concerns 
both main (e.g. grain) and by-product (e.g. straw) of a crop yield. In the production 
system in which by-product is left on the fi eld the content of potassium in this product 
is recognized as the K supply source for the after-crop. 

The parameter Iopt , is calculated as a result of division the critical amount (median 
value) of available potassium KDL expressed in kg K·ha-1 ( Tab. 11) by potassium 
buffer capacity Q/I for a given soil texture (Tab. 1). For the light soil the calculations 
runs as follows: I crit= 429 (Tab. 11): 3,65(Tab.2) = 117 kg K·ha-1

The parameter Iact , like parameter Iop is calculated as a result of division the 
actual content of available potassium KDL expressed in kg K·ha-1 (Table 11) by 
potassium buffer capacity Q/I for a given soil texture (Tab. 2) . This content is given 
by agrochemical laboratory. 

The presented procedures lead to fi nd a common denominator for three main 
factors deciding upon the recommended potassium rate, i.e. potassium uptake 
by crop, optimal content of available potassium in soil and the actual content of 
potassium on a given fi eld. This denominator is a content of water soluble potassium 
expressed in kg K·ha-1 in the soil layer 0-30 cm. 



16
Mariusz Fotyma 

Table 11. Critical range and amount of available potassium KDL and coeffi cients to 
recalculate the KDL content from mgK·kg-1 soil into kg K·ha-1 in the soil 
layer 0-30 cm.  

Soil texture Soil density 
kg·dm-3

Coeffi cient* Critical amount kg K·ha-1

Range** Median** 

Very light 1,533 4,599 326 -  432 379

Light 1,500 4,500 373 – 486 429

Medium 1,433 4,299 456 – 580 518

Heavy 1,300 3,900 445 – 554 499
* to recalculate the content of KDL mgK·kg-1 soil into amount KDL kg K·ha-1

** recalculated from the values in Tab. 9

By a combination of these three parameters of water soluble potassium eight 
possible (23) situations are distinguished (Table 12). These situations can be integrated 
in four crop’s fertilizing demands: redundant, limited, advisable and necessary. 
In the last column of the table 12 the potassium fertilizer’s rates are provisionally 
recommended. 

Table 12. Levels of potassium fertilizing demands and provisional recommended 
potassium fertilizers rates 

Level Iakt / I kryt Iakt/Iopt Iopt/Ikryt

Fertilizing 
demands

Potassium rate 
kgK·ha-1

1 Iact<Icrit Iact<Iopt Iopt>Icrit Advisable  (2+,1-) Icrit · 1,0*

2 Iast<Icrit Iact<Iopt Iopt<Icrit Necessary (3+) Icrit · 1,5

3 Iact<Icrit Iact>Iopt Iopt>Icrit Limited (1+,2-) Icrit · 0.75 

4 Iact<Icrit Iact>Iopt Iopt<Icrit Advisable  (2+,1-) Icrit · 1,0

5 Iact>Icrit Iact<Iopt Iopt>Icrit Limited  (1+,2-) Icrit · 0,75

6 Iact>Icrit Iact<Iopt Iopt<Icrit Advisable  (2+,1-) Icrit · 1,0

7 Iact>Icrit Iact>Iopt Iopt>Icrit Redundant ( 3-) Icrit · 0

8 Iact>Icrit Iact>Iopt Iopt<Icritt Limited (1+,2-) Icrit · 0.75
* coeffi cient established provisionally by the author 

In this approach the process of building up fertilizer potassium recommendations 
is split into two phases. In the fi rst phase fertilizing demands are estimated and in the 
second one the rates of potassium are recommended in relation to potassium uptake 
with expected yield. This system, in fact similar to the offi cial one seems however 
to be more fl exible and economical, saving unnecessary application of excessive 
potassium amounts. 
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Summary and conclusions

Measuring the content of water soluble soil potassium KH2O seems to be a good 
alternative for cumbersome procedure of measuring active form of K in soil solution. 
The amounts of KH2O are located somewhere between the potassium in the soil solution 
and readily available (exchangeable) form of this element. There is a close relation 
between water soluble and readily available, here according to Egner DL method, 
potassium in soils of Poland. The slope of a regression line depends, however, on 
the soil texture. Starting from the content of KH2O and the relation between KH2O 
and KDL the new calibration fi gures for readily available potassium are suggested. 
These fi gures are signifi cantly lower than the offi cially used one and can contribute 
to more economical potassium management. A more fl exible system of fertilizer 
potassium recommendations has been proposed. The core of this system is referring 
plant potassium requirements to the amount of water soluble potassium in the soil 
and splitting the system in two phases. In the fi rst phase plant fertilizer demands for 
potassium are established and in the second one potassium fertilizer rates in relation 
to K uptake are included. 
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Abstract

Paper presents the preliminary results of the investigation on the usefulness of 
soils tests for available potassium, being in use in the Central-Eastern European CEE 
countries. The material for this evaluation consists of 132 soil samples originating 
from long-term fi eld experiments carried on in 9 CEE countries. The samples were 
collected in each of 33 experiments from two soil layers and treatments with and 
without potassium fertilization. All tests of available potassium, i.e. exchangeable 
potassium, Mehlich, DL and CAL proved to be equally effi cient for distinguishing 
the difference in potassium content between the experimental treatments. However, 
Mehlich test extracted the highest amount of potassium and showed the strongest 
correlation with exchangeable potassium, considered as a reference soil test. All 
tests in comparison have been strongly interrelated, and high correlation coeffi cients 
justify elaboration of recalculation coeffi cients from one test to another. 
Key words: soil tests, available potassium, recalculation coeffi cients, long-term 
fi eld experiments

Introduction

Soil testing for the content of so called available nutrients is a common base 
of sustainable fertilizer recommendations. Most often the chemical methods 
are in use relying on extraction the soil samples with several solutions, which 
theoretically should imitate the absorption power of plant roots. This assumption 
is tested comparing the correlation coeffi cients between the amount of nutrients 
extracted by a given solution and the plant indices. For this purpose, the numbers 
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of carefully planned and localized fi eld experiments are necessary. This procedure 
is a time consuming and expensive and hence once selected method in an area is 
used forever. As a consequence even in neighboring countries not varying much 
in soil conditions, different soil tests are in use. It makes diffi cult the comparison 
of soil fertility indices between the countries do not speak about the possibility of 
harmonizing fertilizer recommendations. In 1998 the collaboration between Central 
– Eastern European countries have started with the aim of exchanging information 
and unifying the procedures of agrochemical research. The brief information on up 
to now achievements of this group of countries, called MOEL is presented by Loch 
[2009]. One of the important topics was a comparison of soil tests used in these 
countries on the base of the selected soil samples representing theirs natural conditions. 
In the years 2005-2007 the fi rst round soil test has been performed and its results 
presented in the collective paper [collective 2008]. The drawback of this preliminary 
work was that the soils samples originate from farmers fi eld and information on 
the fertilization history was not available. Another drawback concerning potassium 
was not including the exchangeable soil potassium which is commonly recognized 
as a reference test for this element. In 2009 the research project KALIFERT has 
been launched by the Ministry of Science and Higher Education in Poland with the 
focus on estimation the consequence of long term soil mining from the potassium 
reserves. This project was supported by all MOEL countries in the form of providing 
the author with soil samples from the permanent fi eld experiments with potassium 
fertilization. The paper presents the preliminary results of this project concerning the 
comparison of different soil tests for available potassium.

 
Methods

Soil samples have been collected by courtesy of MOEL representatives from 
the country’s long term fertilization experiments carried on at least from 20 years. 
Samples originate from the treatments with K+ and without K0 potassium fertilization, 
from the soil plow layer (0-25/30 cm) and subsoil (25/30-50/60 cm). Altogether 132 
soil samples were taken representing 33 fi eld experiments in Austria, Czech Republic, 
Estonia, Germany, Hungary, Latvia, Lithuania, Poland and Slovak Republic. For this 
paper, the soils samples have been analyzed for the parameters listed in table 1. 
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Table 1. Analyzed soil parameters 

Soil parameter Method Abbreviation Laboratory

Texture Sedimentation TS IUNG-PIB, Poland
Texture Laser TL IUNG-PIB ,Poland 
Soluble 
potassium H2O (soil/water = 1/5) K-H2O IUNG-PIB ,Poland 

Soluble 
potassium CaCl2 (0,01 mol·dm-3) K-CaCl2 IUNG-PIB,Poland 

Exchangeable 
potassium 

Ammonium acetate 
(mol·dm-3) K-exch IUNG-PIB, Poland

Available 
potassium Mehlich- 3 K-Mehl UKSUZ, Czech Republic 

Available 
potassium Egner – DL K-DL IUNG-PIB, Poland 

Available 
potassium Egner-CAL K-CAL Jena, Germany

Fixed potassium Reitemeyer
(mol·dm-3 HNO3)

K-HNO3 IUNG-PIB, Poland 

“Total” 
potassium Water Regia K-tot IUNG-PIB, Poland 

The content of all potassium form was expressed in mg K·kg-1 soil. 

Results 

The content of all potassium forms depended signifi cantly on the soil layer and 
the history of potassium fertilization (Table 2).

Table 2. The content of potassium forms depending on the soil layer and potassium 
fertilization in mg K·kg-1 soil.

Potassium form Soil layer 0- 25/30 cm Soil layer 25/30-50/60 cm
K0 K+ K0 K+

K-H2O 12,7 20,8 10,2 14,1
K-CaCl2 42,2 72,5 31,6 49,0
K-exch 111 160 86,8 119
K-Mehl 125 174 100 129
K-DL 94,2 140 72,0 99,0

K-CAL 71,8 110 51,2 76,4
K-HNO3 620 683 578 612

K-tot 3526 3572 3807 3867
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The content of all forms of potassium, but the “total” one was signifi cantly 
higher in the topsoil than in the subsoil layer. The differences on behalf of topsoil 
were noted particularly in the K+ treatment.  The content of “total” potassium form 
prevailed, however in the subsoil. Higher content of the easier extractable forms of 
potassium in the upper soil level can be explained by accumulation of this element 
from fertilizers applied during the experiment. Prevalence of “total” potassium in 
the subsoil is in turn connected with the heavier texture of this soil level. In line 
with expectancy the content of all potassium form was higher in the K+ treatment, 
particularly in the upper soil level. The extraction power of the soil tests increased in 
the direction, K-H2O<K-CaCl2<K-CAL<K-DL<K-exch<K-Mehl<K-HNO3. 

The average share of all four forms of available potassium in the fi xed potassium 
was in a range 18 – 21% in upper soil level and 13 – 17% in the subsoil. Higher values 
are typical for K+ treatment and lower for K0 treatment. Therefore, the availability 
of potassium for plants is higher in the topsoil and increase after potassium fertilizer 
application. The same concerns soluble forms of potassium, though their share in 
fi xed potassium is very low indeed. Fixed potassium constitutes about 17% in the 
top soil level and about 15% in subsoil of the “total” form of this element. It is worth 
mentioning that so called “total” form of potassium is a small part of the native (real 
total) amount of the element. The share of “total” potassium in a native one was on 
average about 25% only (calculations not shown here). The native potassium was 
measured in dry soil samples by a roentgen spectrograph in the Institute of Mineral 
Fertilizers in Puławy, Poland. 

The most interesting for the topic of the paper is a comparison of four forms 
of available potassium. Their relations were the best described by linear regression 
(Table 3). 

Table 3. Correlation and regression coeffi cients for the forms of available 
potassium

Depended 
variable Y

Independed 
variable X

Regression equation Correlation 
coeffi cient R

K-Mehl K-exch Y = 34,7232 + 0,8152 X 0,97

K-DL K-exch Y = 21,4692 + 0,6691 X 0,90

K-CAL K-exch Y = 13,883 + 0,5311 X 0,91

K-DL K-Mehl Y = -6,7292 + 0,8185 X 0,93

K-CAL K-Mehl Y = -8,6372 + 0,6507 X  0,93

K-DL K-CAL Y = 6,6099 + 1,2258 X 0,97
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The closet link is between the K-Mehl and K-exch soils tests and between K-
DL and K-CAL soil tests. The later is obvious because both tests belong to the same 
“family”. However, both these tests based on calcium lactate seem to have lower 
extraction power than the test for exchangeable potassium. Both soil tests for soluble 
potassium (K-H2O and K-CaCl2) are only slightly related to the tests of available 
potassium, as well between themselves. The issue of K-CaCL2 soils test will not 
be discussed here and for interested readers the paper by Szabo [ 2010] in the same 
issue is recommended.  

Discussion 

The problem of the quality and usefulness of soil tests for potassium seems to be 
constantly open. It has been already mentioned the only direct way of test comparison 
is to relate their values to the plant indices. Due to have diffi culty in doing that the 
indirect methods are in use. One method is to estimate the sensitivity of a given soil 
test in detection the differences in the soil potassium contents resulting from long 
term fertilizer practices. All compared soil tests for available potassium showed very 
similar sensitivity independently of the source of data variance, be it soil level or 
potassium fertilization history. Therefore, their usefulness is comparable, though the 
amount of extracted potassium differs on behalf of K-exch and K-Mehl tests. Another 
approach is to relate the test in question to the test of exchangeable potassium. The 
later is commonly recognized as the reference one because it can be explained on the 
base of chemistry of potassium in soil [Johnston 2007, Syers ]. In the own research 
Mehlich-3 soils test showed the strongest correlation with the test of exchangeable 
potassium. However, due to the conservatism in the use already accepted soils 
test in a given country, there is less hope in switching over to another test, even 
slightly better. Therefore, the only way to harmonize procedures of soil testing the 
recalculation coeffi cients from one test values to other ones seem to be a sound 
solution. In the parallel paper Szabo [2019] showed that basing such coeffi cients on 
general regression between two soil tests, no matter how numerous the soils samples 
were, is a risky procedure. The prerequisite for such recalculation is to recognize all 
soil properties infl uencing the general relation between tests in comparison. In the 
own research making such analyzes was diffi cult due to the relatively small number 
of soil samples. However, the share fact that the relation between different soil tests 
could be described by the same regression equation, notwithstanding from the fact 
of date heterogeneity, support the idea of developing the generalized recalculation 
coeffi cients for soil potassium tests used in MOEL countries. 
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Conclusions 

1. Four soil tests for available potassium, i.e. exchangeable K, Mehlich, DL and 
CAL are equally useful for estimating the long term consequences of soil mining 
from potassium.

2.  The correlation between these tests is strong and justifi es using recalculation 
coeffi cients from one to another.

3. Mehlich-3 soil test is in the foreground with respect to distinguish the fertilization 
treatments and high correlation with, regarding as the reference one, test of 
exchangeable potassium.  
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INFLUENCE OF FERTILIZER USE ON THE CONTENT OF SOIL 
ORGANIC MATTER 

György Füleky, Szilveszter Benedek

Szent István University, Gödöllő, Hungary 

Abstract

Soil organic matter (SOM) is an important component of soil fertility. Its positive 
effects are long considered and universally accepted. Fertilisation is one of the most 
important factors infl uencing organic matter content in soils. The paper reviews 
the aspects of mineral and organic fertilisation management related to SOM, using 
data from long-term fi eld experiments. In the Broadbalk Winter Wheat Experiment 
at Rothamsted (Great Britain) with continuous applications of mineral fertilizers 
and farmyard manure (FYM), the content of SOM in FYM treated soils increased 
relative to that in mineral fertilizer treated soils. In the Market Garden Experiment, 
Woburn (Great Britain) four different types of organic manures have been applied. 
The content of soil organic carbon increased linearly with the increasing amount of 
organic matter added in manures. Results of the Continuous Rye Experiment in Halle 
(Germany)  indicate an increase of soil organic matter through manure application 
and a very low increase through NPK application. Similar results are reported from 
the long-term fertilisation experiment in Martonvásár (Hungary). Manure application 
infl uenced strongly and mineral fertilization to a much smaller extent the content of 
soil organic matter. In the treatments without any fertilizer application, the content of 
SOM decreased. However, results of the long-term fertilisation experiment in Gödöllő 
showed an increase of soil organic matter content under the infl uence of mineral 
fertilisation. In another long term fertilisation experiment in Keszthely (Hungary) 
the highest SOM content has been found for manure application, independently of 
the level of mineral nitrogen fertilisation.
Keywords: soil, organic matter, carbon, organic fertiliser, mineral fertiliser

Introduction

Connections between soil organic matter (SOM) and soil fertility are already  
for long considered. The close relation between the content of SOM the level of 
soil fertility is universally accepted (Smith et al., 1993; Melero et al., 2007). The 
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importance of soil organic matter in sustainable agricultural systems has been reviewed 
by Füleky and Benedek (2011). Soil organic matter infl uences soil productivity in 
several ways (Wolf and Snyder, 2003), by releasing nutrients and improving soil 
structure, increasing cation exchange capacity and buffering properties of the soil 
and providing chelation of micronutrients, which results in their better availability. 
Cultivation of soil results in the decrease of SOM content while the application of 
organic fertilizers is one of the most important methods for increasing it. The paper 
considers the aspects of mineral and organic fertilisation related to the importance of 
SOM in light of the data from long-term fi eld experiments. 

Results of long-term fi eld experiments

Broadbalk Winter Wheat Experiment, Rothamsted

The importance of SOM for soil fertility was questioned by the early results 
from the fi eld experiments started by Lawes and Gilbert at Rothamsted, Great 
Britain between the years 1843 and 1856. As the annual applications of fertilizers 
and farmyard manure continued, the level of SOM in manure treated soils increased 
relative to that in soil treated with mineral fertilizers (Johnston et al., 2009). However, 
later the effect of FYM inputs on the level of SOM, illustrated by changes in percent 
of carbon C in the top 23 cm of soil was very striking (Figure 1.). 

Figure 1. Changes in percent of organic carbon (%C) in the top 23 cm of a silty 
clay loam soil at Broadbalk Winter Wheat experiment, Rothamsted

(adapted from Johnston et al., 2009). 
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Market Garden Experiment, Woburn

In the Market Garden experiment at Woburn, Great Britain starting in 1942, 
four organic manures were compared: farmyard manure, vegetable compost, sludge 
compost and sewage sludge (Table 1.). 

Table 1. Treatments in the Market Garden Experiment, Woburn (Johnston et al., 
1989).

Rate 

Total amounts of organic matter added, t·ha-1

Farmyard 
manure

Sewage sludge
Vegetable 
compost

Sludge 
compost

Single 138 165 118 118

Double 276 330 236 236

Figure 2. Increases of carbon percentage in the top 23 cm of soil in Market Garden 
experiment, Woburn. Treatments: FYM, single, double; sewage sludge, single, 

double; FYM compost, single, double; sludge compost, single, double 
(adapted from Johnston et al., 1989).

After 25 years the C:N ratio in the differently treated soils changed a little, from 
10,0:1 to 11,1:1 only (Johnston, 1975). All but the sewage sludge has released some 
amount of N in the process of microbial decomposition. However, some amount 
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of soil mineral N was required in the process of sewage sludge transformation to 
humus. In this experiment, all organic manures were applied in two rates, each in the 
same amount of fresh matter. In consequence, due to the differences in composition, 
percent dry matter and the rates, different amounts of organic matter have been 
applied between 1942 and 1967. The increase of organic carbon percentage in the 
soil, was linearly related to the total mount of added organic matter (Figure 2.) and 
the linear relationship accounted for 82% of the variance (Johnston, 1975). During 
25 years, the unit increase in %C per tone organic matter added in the manures 
was 0.0107% for farmyard manure, 0.0167 for vegetable compost and 0.0180% for 
sludge and sludge composts. These differences can be probably explained by the 
extent of microbial decay of these manures before they were applied to the soil.

Continuous Rye Experiment, Halle

One of the worldwide oldest long-term fertilisation experiments, the 
“Continuous Rye Experiment” carried on since 1878 is located in Halle, Germany 
on a sandy soil. Farmyard manure (FYM) was applied since the beginning of the 
experiment in the amount of 12 t·ha-1 per year (I) and in the years 1893-1952 in 
the amount of 8 t·ha-1 per year (II). Control treatment and mineral fertilization 
treatments were included in the scheme of the experiment as well (Table 2). The 
content of organic carbon in the soils increased in FYM treatments, decreased in 
control treatment and left unchanged in mineral fertilization treatments (Stumpe et 
al., 1984). 

Table 2. Changes of Corg content in soil (0-20 cm) in the “Continuous Rye Experiment” 
(Stumpe et al., 1984).

Treatments 
C % in the soil 

1878 year 1929 year 1953-1961 years

FYMI 1,24 1,64 1,71

NPK 1,24 1,24 1,28

control 1,24 1,15 1,15

PK 1,24 1,17 1,22

N 1,24 1,23 1,24

FYMII 1,24 - 1,49
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Long-term fertilisation experiment, Gödöllő

A long-term fertilisation experiment with application of mineral fertilizers, 
without any input of organic fertilizers or plant residues, has started in 1972 in 
Gödöllő, Hungary on a brown forest soil. Between 1972-1980 winter wheat, sugar 
beet and maize, between 1981-1986 potato, winter wheat and maize were grown. 
The content of soil organic matter in the period of 14 years decreased by 0,24 - 
0,32%,  depending on fertilizer rate (Table 3) (Kovács and Füleky, 1993).

Table 3. Effects of mineral fertilization on soil organic matter content (0-30 cm) in 
the long-term fi eld experiment in Gödöllő (Kovács and Füleky, 1993).

year 
NPK kg/ha/year

0 300 900*/ 600**

1972 1,52 1,51 1,54

1979 1,37 1,40 1,35

1986 1,28 1,27 1,22

* since 1980, ** till 1979

Michéli et al. (1993) analyzed amount and quality of soil organic matter in 
several Hungarian experiments with mineral fertilization twenty years after their 
establishing.  Control treatment and the treatment with an annually application rate 
of 250 kg N·ha-1 and 200-200 kg· ha-1 P and K were compared. No difference could 
be detected in the amount of soil organic matter. However, in the fertilized treatment 
amount of humus molecules with high molecular weight strongly decreased. These 
could be explained by the higher mineralization rate of soil organic matter due to a 
higher yield affected by fertilizer application.

Long-term fertilisation experiment, Keszthely

The long-term fertilisation experiment with the crop rotation maize – winter 
wheat – winter barley is carried on at Keszthely, Hungary on a clay soil since over 23 
years (Kismányoki 2008). In Table 4 the content of SOM in selected treatments, after 
23 years of an experiment is presented. The highest content of soil organic matter was 
found in treatments with manure application, independently of the level of mineral 
nitrogen fertilisation. In the treatments with straw and green manure lower content 
of SOM and in the control treatments the lowest one were recorded. 
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Table 4. Corg content in soil after 23 years fertilisation in the years  2005-2007 
(Kismányoki, 2008).

Treatment Corg %

P100 K100

N0 1,11

N80 1,16

N160 1,15

P100 K100 + FYM 
(35 t·ha-1 for maize)

N0 1,39

N80 1,39

N160 1,31

P100 K100 + straw 
(1 kg N·ton-1 straw) + green 
manure (Raphanus sativus)  

N0 1,33

N80 1,28

N160 1,24

Long-term fertilisation experiment, Martonvásár

In the long-term fertilisation experiment in Martonvásár, Hungary on a 
chernozem soil with a maize – winter wheat crop rotation, similar results, regarding 
the change of soil organic matter content as in the Rothamsted and Halle experiments 
in (Balla, 1980) are reported. In the period of 15 years the content of soil organic 
matter left unchanged in the treatment with NPK fertilization, slightly increased in 
the treatments with FYM and a little decreased in the control treatment. It is worth 
mentioning that the content of SOM after this period of time was still high in the range 
2,6 – 2,9%. Figure 3 presents the results concerning cumulative yield of crops grown 
in the years 1959 – 1990 in the selected treatments of this experiment. The treatment 
with 35 t/ha farmyard manure was set as a standard. Almost the same yields as in 
standard treatment were recorded in treatment with half rate of farmyard manure, 
supplemented by a low rate of NPK. In the control treatment, a continuous decrease 
of yield was noted. However, the highest yields were achieved in the treatments 
with solely mineral fertilization. It means that on the soil with high native content of 
organic substance the prerequisite of satisfactory crop yield is mineral fertilizer and 
not farmyard manure application. 
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1: unfertilised control, 2: 35 t/ha FYM/ 4 years (standard treatment), 3: 17,5 t/ha 
FYM + N1/2P1/2K1/2/ 4 years, 4: N1P1K1/ years, 5: N1, since 1982 N2P2K2/ 4 years, 
6: N2P1/2K1/2, since 1982 N1P2K2/ annual (Berzsenyi and Győrffy, 1994).
 

Conclusion

1. The content of organic substance in arable soil considerably decreases after a 
long time management without manure application.

2. The process of soil depletion from organic substance goes on much faster 
on light, sandy soils. Heavy soils showing higher native content of organic 
substance are more resilient for abandoning manure application. 

3. The process of soil depletion from organic substance is slowed down or delayed 
by regular mineral fertilizer application.  

4. The yield of crops under regular mineral fertilization does not depend directly 
on the content of organic substance in the arable soils. 

Figure 3. Infl uence of mineral and organic fertilisation on the yields of winter 
wheat – maize crop rotation in the long-term fertilisation experiment in 

Martonvásár between 1959-1990. 
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POSSIBILITIES OF THE DETERMINATION OF PLANT AVAILABLE 
SOIL POTASSIUM CONTENT
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Abstract

Paper presents the relation between amounts of potassium extracted from soils 
using 0.01 M CaCl2 solution and ammonium lactate acetic acid AL. The last method 
is offi cially used in Hungary. Soil samples in the number 633 originate from the 
Hungarian Soil Information Monitoring System TIM and a long-term fi eld experiment. 
Soils originating from TIM show very different properties and the correlation between 
both method of potassium extraction was moderate (r=0,76). Therefore, no general 
conversion coeffi cients from one method to another could be established for all 
soils. The amount of potassium extracted by AL solution was on average three times 
higher than extracted by CaCl2 solution and this proportion increased with increasing 
clay content in soil. In more homogenous soils originating from fi eld experiment the 
correlation between both method was much closer (r=0,95). Therefore, the CaCl2 
method refl ects well the long term effect of potassium application.  

Introduction

The environmentally friendly, site-specifi c nutrient management is an important 
goal of the advanced agriculture. For precise estimation of potassium fertilizer 
rates the information on the content of available nutrient in the soil is of paramount 
importance. The Hungarian fertilization recommendation system for potassium is 
based on the amount of this element extracted by ammonium lactate acetic acid AL 
[Egnér et al., 1960]. The acid AL solution (pH=3.7) dissolves and exchanges more 
potassium than the amount of potassium taken up by plant during the vegetation 
period. Houba et al. (1990) proposed the 0.01 M CaCl2 solution to determine the 
easily available amounts of macro and some micro-nutrients. A research project 
called Copernicus testing this idea has been carried on by the Czech Republic, 
Poland, Netherlands and Hungary in the years 1995-1997. The outcomes of this 
project presented already by several authors (Houba et al., 1991, Jászberényi et al., 
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1994, Loch and Jászberényi, 1995, Loch 2006,  Baier and Baierova, 1997; Fotyma 
et al., 1996, 1998) are briefl y summarized in table 1. Close correlation between 
CaCl2 method and several methods used in Netherlands, Czech and Poland had been 
established. For Hungary Loch and Jászberényi (1997) found medium or close (r = 
0.6-0.8) correlation between AL and CaCl2 methods but this relation depended on the 
soil texture and carbonate content in soil.

Table 1. Correlation between amounts of potassium extracted by 0.01 M CaCl2 and 
country specifi c methods  (Houba, 1998). 

Country and specifi c 
method 

Soil properties
No of  samples

Samples number 
r

Czech Republic
Mehlich

sandy 100 0.77
loam 39 0.83
clay 111 0.93
total 250 0.86

Hungary
Egner - AL

sandy 206 0.68
loam 295 0.84
clay 131 0.73
total 632 0.79

Poland
Egner - DL

sandy 181 0.98
loam 122 0.98
clay 109 0.94

low SOM content 206 0.98
medium SOM content 122 0.97

high SOM content 74 0.95
total 412 0.97

The Netherlands
 0.1 M HCl + 0.2 M 
oxalic acid

total 41 0,92

Loch (1996) using regression equations calculated the amount of CaCl2 equivalent 
to 100, 200, 300 and 400 mg kg-1 AL extracted K in sandy, loamy and clay soils (Table 
2).  These equivalents were higher in sandy than in clay soils, particularly for lower 
amounts of AL extracted potassium. It can be explained by the fact that AL dissolves 
also potassium from soil reserves not available for plant. The different coeffi cients 
of regression equations for sandy, loam and clay soils showed that it is impossible 
to determine general relationship between the potassium contents extracted by these 
two methods.
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Table 2.  Potassium equivalent for CaCl2 method with respect to AL-K method 
(Loch, 1996)

Soil texture

AL-K mg kg-1

100 200 300 400

CaCl2-K mg kg-1

sand 51 77 124 130

loam 24 55 87 118

clay 2 38 74 110

Jászberényi et al. (1994) analyzing results from the Hungarian long-term 
fertilization experiments found signifi cant (r = 0.91) correlation between the amount 
of CaCl2 extracted potassium and the agronomic K balance.

The aim of this paper is to compare the amounts of CaCl2 and AL extracted 
potassium in 633 Hungarian soils, and to evaluate the effect of potassium fertilization 
and liming on this relation in a long-term fi eld experiment.

Material and methods

Soil samples originate from the Hungarian Soil Information Monitoring 
System (TIM) [Várallyay et al., 1995], and from the part of  the National Long-
Term Fertilization Experiments at the Karcag Research Institute. In TIM system soil 
samples are collected every third year from 1236 sites in the country, characterizing 
the national soil resources. TIM database contains the main physical and chemical 
properties of these soils according to Hungarian standards. For this paper 633 TIM 
samples have been collected, and the potassium content was extracted using 0.01 M 
CaCl2 solution. 

The National Long-Term Fertilization Experiments was established in the autumn 
1967 at the trial site of the Karcag Research Institute ( 47°18′18.81″N; 20°54′18.67″E). 
The soil is a Luvic Phaeosem with loamy clay (clay content 37 %) texture, solonezic 
in the deeper layers. The arrangement of the rotational fi eld experiment, including 
winter wheat, maize, maize, is a split-plot with four replications. The fertilization 
treatments are presented in Table 3. 
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Table 3. Fertilizer doses applied in the experiment 

Treatments
1967-1987 1987-2007

N P K N P K*

N0P0K0 - – – - – –

N1P0K0 50 – – 100 – –

N1P1K0 50 22 – 100 26 –

N1P2K0 50 44 – 100 52 –

N2P0K0 100 – – 150 – –

N2P1K0 100 22 – 150 26 –

N2P2K0 100 44 150 52 –

N3P0K0 150 – – 200 – –

N3P1K0 150 22 – 200 26 –

N3P2K0 150 44 – 200 52 –

N1P0K1 50 – 83 100 – 83/166

N1P1K1 50 22 83 100 26 83/166

N1P2K1 50 44 83 100 52 83/166

N2P0K1 100 – 83 150 – 83/166

N2P1K1 100 22 83 150 26 83/166

N2P2K1 100 44 83 150 52 83/166

N3P0K1 150 – 83 200 – 83/166

N3P1K1 150 22 83 200 26 83/166

N3P2K1 150 44 83 200 52 83/166

N4P3K2 200 65 83 250 79 83/207
* 83 kg K·ha-1 for winter wheat 166 and 207 kg K·ha-1 for maize

Calcium carbonate was applied in replications, I and III in the rates 14.5 and 11.05 
t ha-1  respectively, in the 20th and 32nd years of the experiment . The pH of the soil (in 
CaCl2) is 5.5-6 without liming, and nearly 7 with liming. The topsoil is moderately 
supplied with K according to the Hungarian Fertilization Recommendation System 
[Buzás and Fekete, 1979]. Soil samples were taken in 2007 from 20 points at each 
plot, from the 0–20 cm soil layer, after the harvest of winter wheat. Soil samples 
were analyzed for the content of CaCl2 extracted potassium in the laboratory of the 
University at Debrecen and for the AL extracted potassium (MSZ 08 01025-215) in 
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the laboratory of the Karcag Research Institute. The content of exchangeable forms 
of potassium, calcium, magnesium and sodium was determined as well.  

All statistical analyses were performed with SPSS (version 13). Signifi cant 
differences were examined by ANOVA and Duncan post hoc test. In the tables, 
means designated by the same letter were not signifi cantly different at P ≤ 0.05 level. 
Regression analysis was also applied. The correlations were expressed as Pearson’s 
linear correlation coeffi cients (r) with the indication of statistical signifi cance (* 
for P ≤ 0.05, ** for P ≤ 0.01 and *** for P ≤ 0.001).

Results and discussion

TIM samples 

The general relation between the amounts of potassium extracted by CaCl2 and 
AL methods is described by the regression equation. 

Y CaCl2 = X 0.282 AL + 5.42   r = 0.76
The correlation is, as a matter of fact, quite good. However, this relation proved 

to be strongly infl uenced by other soil parameters. The relation between the amounts 
of CaCl2 and AL extracted potassium (Table 4) was signifi cantly depended on the 
soil texture. The content of AL extracted potassium in clay soils was more than 
two times higher than that of sandy soils. However, the increasing clay content did 
not infl uence signifi cantly the content of CaCl 2 extracted potassium. Therefore, 
the proportion of AL-K and CaCl2-K increases from approximately two on coarse 
sand soils to 4.4 on fi ne clay soils. The results proved that AL method characterizes 
potassium reserves and CaCl2 method the immediate available potassium in the soil. 
These fi ndings are in accordance with the results of Loch (1996). 

Table 4. The content of  CaCl2-K and AL-K depending on soil texture 

Soil texture category*
No of 

samples 
AL-K mg·kg-1 

soil 
CaCl2-K 

mg·kg-1 soil
AL-K/CaCl2-K

Coarse sand 48 151 81.3 1.86
Sand 51 172 71.7 2.40

Sandy loam 107 239 79.1 3.02
Loam 149 313 88.0 3.56

Clay loam 147 313 87.0 3.60
Clay 45 360 102.1 3.53

Fine clay 86 353 79.6 4.44
Total 633 286.16 85.76 3.34

* According to Stefanovits (1956)
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Regression analysis confi rmed the different course of the relation between AL-K 
and CaCl2-K on coarse sandy soils and fi ne clay soils (Figure 1). Besides this relation 
was stronger (r=0,87) on light soils than of heavy ones(r=0,76). It is a well-known 
fact that clay soils contain higher reserves of exchangeable potassium but the easily 
available part of these is lower, due to the K-fi xation by clay minerals. 

 

y = 0.5737x + 5.9731
R2 = 0.7594***

y = 0.2045x + 3.0327
R2 = 0.5783***
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Figure 1: Results of regression analyses between AL-K and CaCl2-K on coarse sandy 
(n=48) and fi ne clay (n=86) soils

Table 5. The content of  CaCl2-K and AL-K depending on pH  on calcareous and non 
calcareous soils

pH category*
No of 

samples 
AL-K mg·kg-1 

soil
CaCl2-K 

mg·kg-1 soil
AL-K/CaCl2-K

non calcareous soils 
very acid 57 202 84.8 2.39
acid 87 239 80.1 2.99
slightly acid 92 274 86.5 3.17
neutral 36 333 83.0 4.01
alkaline 34 323 80.4 4.02
total 306 263 83.3 3.16

calcareous soils 
slightly acid 7 193 46.4 4.15
neutral 17 375 94.9 3.95
alkaline 303 306 88.7 3.46
total 327 308 88.1 3.49

* CaCl2-pH categories according to Fotyma et al. (1998)
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Other soil parameters infl uencing the content and relation between CaCl2-K and 
AL-K were the content of carbonate and soil pH ( table 5). On non calcareous soils 
pH affected signifi cantly the content of AL-K, but not the content of  CaCl2-K. The 
proportion of AL-K to CaCl2-K increases from 2.39 on very acid soils to 4.02 on 
slightly acid ones. The reason for that is probably lower saturation the surfaces of 
clay minerals with exchangeable potassium  in acid soils. 

On calcareous soils the differences between pH categories are diffi cult to 
interpreting due to a very low number of soils showing slightly acid and neutral 
soil pH. The general relation between the two methods of available potassium 
determination is different on non calcareous and calcareous soils:

- non calcareous: Y (CaCl2-K) = 0.279 AL-K + 9.739  r = 0.78
- calcareous:  Y (CaCl2-K) = 0.205 AL-K + 25.119  r = 0.60
This is in accordance with the results of Houba et al. (1991) and  Loch and  Jászberényi 
(1997

Samples from the long-term experiment

In the samples from a long-term experiment (Figure 2) the close correlation 
(r=0.95) was found between the amount of AL-K and CaCl2-K. However, all 
samples originate from the same soil showing very similar basic parameters (texture, 
pH, carbonate content, humus content). The dominant clay mineral here was illite 
showing low fi xation power for potassium. 
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Figure 2. Relationship between the amounts of AL-K and CaCl2-K in the soil from  
long-term fi eld experiment  (n=80)
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Loch (1996) studied the relation between AL-K and CaCl2-K in soil samples 
from nine Hungarians long-term experiments. The correlation coeffi cient varied 
between 0.55 and 0.93, which proves that soil properties infl uence signifi cantly this 
relationship. 

In table 6 the effect of liming and long-term K fertilization on potassium balance 
and forms of potassium in the soil is presented. Long term potassium application 
increased signifi cantly the content of all forms of this nutrient in the soil. Liming 
increased slightly the content of Al-K and exchangeable K in the soil not supply with 
potassium fertilizers and decreased all forms of potassium in soils with fertilizer 
application. The share of exchangeable potassium in the soil cation exchange capacity 
CEC decreased signifi cantly under the infl uence o f liming. 

Table 6.  The effect of liming and long-term K fertilization on the forms of potassium 
in the soil 

Treatment
Potassium 
balance kg 

K·ha-1 ·year-1

AL-K
mg kg-1 soil

CaCl2-K
mg kg-1 soil 

Exchangeable 
K

mmol·kg-1 
soil

% K in 
CEC 

K0 -93.1 182 a* 45.8 a 5,2 a 2.34 a

K0  with liming -94.6 197 b 37.0 b 5,9 b 2.00 b

K1 -1.72 356 c 129 c 11.1 c 5.24 c

K1  with liming 5.66 339 c 94.8 d 10,1 c 3.60 d

Total -45.94 269 76.8 8,1 3.30

* Means with the same letter differ  not signifi cantly at P ≤ 0.05 level.

The following regression equations describe the relation between different forms of 
potassium in the soil. 

AL-K = 282.91 exchangeable K + 40.769   (r=0.93)
  CaCl2-K = 128.6 exchangeable K – 26.798  (r=0.9)  

  AL-K = 52.397 K% + 95.903    (r=0.86)
  CaCl2-K = 26.9 K% – 11.896     (r=0.94)
From these equations, the conclusion can be drawn that the amounts of Al-K and 

CaCl2 – K is closely related to the amount of exchangeable potassium and to the 
percent of CEC saturation with this element. 

The close relation between the agronomic K-balance (fertilizer K – K uptake 
of plants) and the content of Al-K and CaCl2 has been also found. It means that 
both methods are able to detect K defi cit and/or surplus of potassium balance  and 
to characterize the K-supply power of the soil. It is in accordance with the earlier 
results of long term fi eld experiments presented by Jászberényi et al.[1994].  
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Figure 3.: Relationships between K-balance and K content of soil extracted by AL 
and 0.01 M CaCl2 (n=80)

Conclusions 

1. The results of analysis the samples originating from the soil monitoring program 
shows that the relation between Al-K and CaCl2 extracted potassium depends on 
soil texture, carbonate content and pH. Thus the conversion of one to another 
method using the general regression equation would be inaccurate.

2. The amount of AL-K is more than three times higher than the amount of CaCl2-
K and the relation between both methods depends strongly on the soil texture. 
The proportion of both amounts is in the range from 2,4 in coarse sandy soils to 
4.4 in  fi ne clay soils.

3. In the samples from single long term experiment the correlation of both compared 
methods is much closer due to the uniformity of all soil parameters. The amounts 
of AL-K and CaCl2-K are related to potassium balance, exchangeable potassium 
content in soil, and percent of base saturation with potassium. 

4. Liming has a small effect on the content of different forms of potassium in soil. 
However, CaCl2 method seems to be more sensitive to liming application.  
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of plant development. The supply of other nutrients decides upon increasing N 
effi ciency and decreasing year-to-year yield variability. Positive effect of phosphorus 
supply on maize plant growth and yield has been already recognized and evaluated 
[Dachler and Koechl, 1995; Kruczek, 2005]. Another decisive factor is zinc, a nutrient 
signifi cantly affecting maize plant growth at early stages of vegetation [Potarzycki 
and Grzebisz, 2009]. 

The most vital problem in maize cultivation is to assess precisely the crop 
response to increasing rates of nitrogen. It has been recognized that this crop cultivated 
both for silage or for grain shows specifi c “crawling” response to increasing N rates 
[E. Fotyma, 1994, Kruczek, 1997]. The main objective of the fi eld study with grain 
maize was to quantify the relation between increasing nitrogen rates and potassium 
supply either from soil old reserves of freshly applied potassium fertilizers. 

Materials and methods

A fertilization permanent fi eld experiment was established in 1991 at the 
experimental station Brody (16°28’E and 52°44’N), belonging to Poznań University 
of Life Sciences. The soil was loamy sand underlined by light loam and classifi ed 
according to Polish system as the IVa class, very good rye complex and agronomical 
category – light soil. Study on response of maize (variety Dragon, FAO 200) to 
increasing N rates on four potassium levels were carried out during three consecutive 
growing seasons 2001, 2002 and 2003. Three-factorial split-block experiment, 
replicated four times, included following factors: 
1. Soil potassium fertility level, medium, M and high, H;  
2. Fresh potassium application, K- (without potassium) and K+ (160 kg K2O·ha-1); 
3. Nitrogen fertilizers rates, 100, 140 and 180 kg N·ha-1. 

The preceding crop for maize was spring barley. Phosphorus and potassium 
fertilizers as well as 100 kg N·ha-1 were applied in the spring before seedbed 
preparation. The remaining amounts of nitrogen were top dressed at the stage of 3-5 
maize leaves. Data concerning yields of grain at 14 % moisture content was subjected 
to conventional analysis of variance using computer programs STATISTICA 7. The 
simple regression was applied to estimate the strength of relationships between some 
plant characteristics. 

Results and Discussion

General growth conditions 

The period from the onset of tasselling (BBCH 51) to the beginning of kernel 
development (BBCH 71) lasting about four weeks is considered as the most sensitive 
to maize growth [Jones et al., 1996]. In this period suffi ciently high temperature, 
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unlimited water supply and unlimited nutrients supply decide upon the fi nal crop 
grain yield. In this period total sum of physiologically active temperatures (above 
80 C), should amount to 327 0C [Ritche i Alagarswamy, 2003; Uhart and Andrade, 
1995]. Throughout  the study, the sums of temperatures were in the range 340-
3780C i.e. favorable to maize, however the sum of rainfall varied from 66 mm in 
2001, through 77 mm in 2002 to 107 mm in 2003. The third crucial growth factor 
was nutrient supply (Table 1). 

Table 1. Soil characteristics under experiments in consecutive years of study

Year and 
depth, cm

1P2O5
1 K2O
  (K+)

2 K2O
  (K-)

Mg pH KCl

mg ⋅ 1000 g-1 soil

2001

0-30 
31-60 

224
197

295
23,4

165
171

46
51

5,8
6.0

2002

0-30 
31-60 

191
194

289
224

145
164

43
40

60
6,3

2003

0-30 
31-60 

180
192

278
222

167
156

40
42

6,1
6,1

1on K fertilized plots, described as K+; 2on the K-non-fertilized plots; described as K-;
Grain yield and partial factor productivity PFPN  of fertilizer nitrogen 

All experimental factors signifi cantly affected grain yield of maize but showed 
high year-to-year variability. Average yields of maize were 11.1, 8.03, and 10.1 t 
grain ·ha-1in the years 2001, 2002, 2003, respectively. In spite of the seasonal effect 
two signifi cant interactions among the studied factors were found. The fi rst concerns 
K soil fertility level (KfertS) and N rates (Nrat) (Fig. 1). Increasing N rates from 100 to 
140 kg N·ha-1 increased maize grain signifi cantly by 14 % but this effect was limited to 
plots showing medium content of available potassium. The second interaction refers 
to K fresh potassium application (KF) and N rates (Fig. 2). The signifi cant grain yield 
increase was attributed, independently on the current K fertilizer application system 
(K+ or K-), to the nitrogen treatment of 140 kg N ha-1. Figures presented for this N 
treatment clearly indicate that soil K fertility level at the borderline from medium to 
high is suffi cient to balance a high rate of fertilizer nitrogen. The details study, taking 
into account all experimental factors (but dependent on seasonal variability), showed 
that fresh K application (K+) can raise a yield of maize, expressed per unit of applied 
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Fig. 1. Effect of soil K fertility level and N rates on maize grain yield, mean for 
2001−2003. Means with the same letter are not signifi cantly different at 

α=0,05 (Tukey test).

Fig. 2. Effect of K fertilizing system and N rates on maize grain yield, mean for 
2001−2003. Means with the same letter are not signifi cantly different at α=0,05 

(Tukey test).
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N, providing that soil K fertility is at medium/high level (Fig. 3). In these particular 
growth conditions rate of applied nitrogen should be, however, carefully adjusted, 
because too high supply of both potassium and nitrogen led in turn to signifi cant 
grain yield decrease.  The direct, experimental reasons of the grain yield decrease are 
explained in the next chapter.
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The key question of maize grain production refers, however to effects of 
variable supply of potassium on nitrogen use effi ciency. A partial factor productivity 
of applied fertilizer N (PFPN) , known as N gross effi ciency,  has been evaluated in 
order to explain grain yield differences obtained in this study. A casual evaluation 
of a subject as presented in Fig. 3 confi rms only well-known rules concerning N use 
effi ciency by crops. However, deeper insight into these data taking into account N 
unit productivity shows that:
i) lack of long-term K fertilizer application to soil suffi ciently rich in potassium 

(K medium availability class, the M treatment) and also to soil of high level of 
available K (K high availability class, K+ treatment) indicates the necessity to 
limit the amount of the applied N fertilizer rate to 100 kg N ha-1, 

ii) fresh K fertilizer application, but limited to soils of medium content of plant 
available K, results in the highest unit N productivity, leading to extra grain 
yield increase.  

Fig. 3. Effect of increasing nitrogen rates on the background of potassium 
fertilizing systems on partial factor productivity of the applied fertilizer nitrogen 

(PFP-N), mean for 2001-2003 years.
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The found rules prove that both shortage as well an excess of plant available 
potassium disturbs maize plant N management. The main reason of this phenomenon 
is probably extended phase of vegetative maize plant growth, which in turn disturbs 
yield component performance. Therefore, in order to explain the regularities 
governing grain yield development the maize total biomass and its partitioning 
among organs at harvest was assessed at the background of studied factors. 

Maize biomass and its partitioning among maize organs 

Maize biomass at crop technological maturity (BBCH 89) is highly sensitive 
to both weather conditions and agronomic factors. However, response of maize 
biomass to studied factors and especially to their interactions shows specifi c, organ 
dependent behavior (Table 2). 

Year to year variability of total biomass yield is a typical attribute of maize, 
as has been fully confi rmed by the conducted study. In 2001 and 2003 maize crop 
produced on average 24.3 t DW ha-1 and in 2002 ca 2 t ha-1 lower.  Among the 
experimental factors only soil K fertility level did not show any signifi cant effect on 
fi nal biomass yield. However, two interactions affected, independently of seasonal 
variability total maize biomass. The fi rst one refers to the potassium fertilizing 
systems (for KsoilK and Kfert  P ≤ 0.024 and for year and Ksoilf and Kfer P ≤ 0.0586). The 
drown conclusion sounds as follows: K fertile soils (High K available class) supply 
enough potassium for high yielding crops. The second interaction, which  occurred 
between K fertilizing system and N rates (for Kfert and Nrat  P ≤ 0.000 and for year 
and Kfer   and Nrate,  P ≤ 0.081), is even more interesting, because explicitly explains 
the effect of applied nitrogen at the background of potassium fertilizing system on 
grain yield. Maize plants grown on the non  fertilized plots (K-) showed a slight 
increase of total biomass following increased N rates, presenting a typical patterns, 
termed as crawling effect [E. Fotyma, 1994]. However, on the K fertilized plots 
(K+) the regularity was quite different. Yield of maize showed a signifi cant increase 
only up to 140 kg N ha-1. Further nitrogen rate increase (180 kg N ha-1) caused even 
biomass yield depression. The conducted analysis of grain yield (GY) dependence 
on maize biomass (B) at harvest was signifi cant for all studied treatments, but it is 
especially interesting for treatments fertilized freshly with potassium, as presented 
by the developed equations:

1. All K treatments: GY = 0.527B - 2.736, for n = 12;  R2 = 0.55 and P ≤ 0.01
2. K fertilized treatments:  GY = 0.543B - 3.107, for n = 6;  R2 = 0.55 and P ≤ 0.05

The drown conclusion based on the Fig. 4 and both equations explicitly indicates 
on the necessity to adjust N rate to current level of K soil available pool. It can be 
also stated that as higher the amount of available potassium, as a lower amount of 
fertilizer N is required and vice versa.
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Table 2. Statistical evaluation of main factors affecting dry matter accumulation by 
maize at maturity (kg N ha-1)

Experi-
mental
factor,

Level 
of 

factor

Components of biomass

Total Grain Leaves Stems
Cob 

covering 
leaves

Cob core

Soil fertility 
level

M 23.59 9.995b 2.475 10.55a 0.946 1.121b

H 23.89 9.540a 2.477 11.41b 0.901 0.999a

0.98 5.282* 0.00 13.16*** 1.798 27.46***

Potassium 
fertilizing,

K- 24.12 9.996b 2.488 11.09 1.004b 1.067

K+ 23.36 9.570a 2.465 10.87 0.844a 1.052

F-
values 6.09* 3.982* 0.13 0.896 22.53*** 0.396

N rates, 

kg N ha-1

100 23.10a 9.367a 2.315a 11.03 0.792a 0.997a

140 24.78b 10.412b 2.645b 11.08 1.038b 1.171b

180 23.35a 9.524a 2.470ab 10.83 0.941a 1.012a

F-
values, 11.71*** 10.82*** 9.28*** 0.656 18.14*** 22.88***

Years,

2001 24.19b 11.155c 2.782b 12.28c 1.116b 1.182b

2002 22.62a 8.028a 1.875a 9.535a 0.856a 0.878a

2003 24.44b 10.121b 2.772a 11.12b 0.800a 1.120a

F-
values, 13.50*** 86.41*** 91.90*** 45.71*** 33.56*** 63.64***

1means with the same letter are not signifi cantly different at α=0,05 (Tukey test).
2*, **, *** - levels of probability  0.05; 0.01; 0.001

Biomass of specifi c maize organs at harvest, including grain, showed a 
signifi cant response to weather variability. However, the response to particular 
experimental factor and to factor’s interactions were organ specifi c. Leaves were the 
most conservative maize organ with respect to the studied plant characteristic. Its 
biomass responded signifi cantly only to increasing rate of nitrogen, indicating the 
highest value for the 140 kg N ha-1 treatment. Only one signifi cant interaction has 
been found, which refers to potassium fertilizing system and potassium soil fertility 
level. The low response of leaves biomass to studied factors and their interactions 
indirectly underlines high conservative behavior of maize leaves. The leaves are 
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showing only crude – primary but not gentle – secondary response to external factors 
as the weather, nitrogen and soil potassium status [Grzebisz, 2009]. The same type of 
conservative behavior was found for maize stem. However, in this case an additional 
interaction between K fertilizing system and N rates was found, indirectly proving 
the slightly higher sensitivity of this organ to external factors variability. Therefore, 
these two maize organs, in spite of their importance for grain yield development, show 
low usability for making post-harvest assessment of maize response to fertilization 
factors. 

Cob covering leaves (CCL) and cob core (CC) are minor components of fi nal 
maize biomass, responding generally to all external factors, as assessed by their 
values and  interactions, which showed as a rule signifi cant year-to-year variability. 
It has been therefore, assumed, that CCL biomass (BCCL) can be a useful, plant 
indicator  for making post-harvest grain yield (GY) assessment. This assumption 
proved to be true, but only for experimental plots on soil rich in available potassium 
(H class), according to the equation: 

GY = 3.695BCCL + 6.211 for n = 6; R2 = 0.55 and P ≤ 0.05
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Fig. 4. Effect of nitrogen increasing rates on the background of potassium 
fertilizing system on total biomass of maize crop, mean for 2001-2003 years. 

Means with the same letter are not signifi cantly different at α=0,05 (Tukey test).
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Cob core plays a signifi cant role in kernel growth. Its biomass (BCC) was sensitive 
to the most studied factors, except K fertilizing systems, but all factors interacted with 
each other, signifi cantly affecting fi nal grain yield (GY). The developed equation is 
as follows:

GY = 6.344BCC + 3.043 for n = 12; R2 = 0.79 and P ≤ 0.001
These two plant parts due to the high response to growth factors are very useful 

indicators for making post-harvest analysis of maize growth conditions. In the 
presented study, both organs refl ect with high accuracy (see R2 values), the effects 
of secondary growth factors, such as potassium, on fi nal grain yield. Therefore, it 
can be concluded that each factor disturbing vegetative parts of cob development, 
negatively affects grain yield of maize.

The above considerations are summarized practically by harvest index, HI (Fig. 
5), assessing biomass redistribution among vegetative and generative maize parts at 
harvest. The highest HI values have been found for plants fertilized with 140 kg N ha-

1 and grown on the medium K fertile plot but supplied with fresh fertilizer potassium 
(MK+). The lowest value of HI is, however, attributed to the same N fertility level 
but only in the treatment with the high K soil fertility level and simultaneously with 
fresh fertilizer potassium (HK+). Grain yield (GY) can be therefore, presented as HI 
index function, according to the following equation:  
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Fig. 5. Effect of nitrogen increasing rates on the background of potassium 
fertilizing system on harvest index of maize,  mean for 2001-2003 years. 

Means with the same letter are not signifi cantly different at α=0,05 (Tukey test).
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GY = 34.49HI - 2.338  for n = 12; R2 = 0.67 and P ≤ 0.001

The variability of HI index explicitly underlines an occurrence of potassium 
imbalance under two specifi c growing conditions imposed by increasing rates of 
nitrogen on the background of either insuffi cient K supply due to long-term lack of 
K fertilizer supply, or excess of K supply. In both cases vegetative crop canopy parts 
dominate over reproductive ones, fi nally causing grain yield decrease.

Components of grain yield 

Grain yield forming components, number of rows per an ear (NR), number 
of kernels per row (NKR), number of kernels per ear (cob) (NKC) and thousand 
weight of kernels (TWK) can be also used to make further estimation of potassium 
fertilizing system on nitrogen productivity (Table 3). 

Table 3. Statistical evaluation of main factors affecting elements of maize grain 
yield

Experimental 
factor

Level of 
factor 

Yield forming elements    
     NR1            NKR2               NKC3             TKW4

Soil fertility 
level,

M 14.8 27.7 421.4 268.4

H 14.6 27.7 410.5 283.1

F-values 1.38 0.02 3.17 11.2**

Potassium 
fertilizing ,

K- 14.7 27.9 419.3 276.3

K+ 14.7 27.5 412.5 275.1

F-values 0.00 1.90 1.24 0.07

N rates, 
kg ha-1

100 14.9 27.8 419.5 272.2

140 14.9 27.7 417.6 274.7

180 14.4 27.6 410.7 280.3

F-values 2.90 0.24 0.77 1.17

Years

2001 15.1 26.5 408.4 272.2

2002 15.2 25.6 398.2 274.7

2003 13.9 31.0 441.3 280.3

F-values 16.7*** 129.8*** 17.9*** 19.3***
1number of rows, 2number of kernels per row, 3number of kernels per cob, 4thousand kernels weight, 
*, **, *** - levels of probability  0.05; 0.01; 0.001
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It is necessary to stress that each yield structural components showed a signifi cant 
seasonal effect. Number of rows per ear (NR), which is generally considered as a 
conservative characteristic of maize yield components showed a serious decrease in 
2003. The main reason was low amounts of precipitation, which occurred in May 
and June. However, a shortage of the row number was compensated by both higher 
numbers of kernels per ear (NKC) and fi nally by a signifi cant increase of 1000 kernels 
weigh (TKW). The low yield of maize in 2002 can be explained by the much smaller 
number of kernels per cob due to water shortage in the second and third decade 
of July. The high year-to-year variability of grain yield components did not allow 
specifying a single component effect on grain yield. The size of two main elements, 
NKC and TKW, was, however, attributed to biomass of either stems or leaves:

1. Stems, NKC: 

all treatments:  NKC = -13.53BS + 564.45 for n = 12; R2 = 0.40 and P ≤ 0.05

K fertilizing;    NKC = -29.11BS + 742.22  for n = 6; R2 = 0.73 and P ≤ 0.01 

2. Leaves, TKW

 MK soil fertility level:  TKW = 54.87LB  + 132.54 for = 6; R2 = 0.68 and P ≤ 0.01 

The fi rst two equations explicitly indicate the imbalance between the stem maize 
biomass and number of kernels in maize ear. In fact, they confi rm an importance of 
HI for harvested grain yield.  Therefore, the extended stem yield at harvest was the 
direct reason for a lower number of kernels. The third equation shows that signifi cant 
effect of leaves on kernel biomass can be expected under conditions of balance 
between potassium and nitrogen supply, which was attributed to medium class of K 
soil fertility. 

Conclusions

Based on the experimental data and reviewed literature, the following conclusions 
can be drowned.:
1. Grain yields of maize as well as a cob covering leaves and cob core are highly 

vulnerable to all external factors, weather, nitrogen and potassium treatments. 
Leaves and stems instead are conservative plant parts, as indicated by strong 
dependence their biomass on weather but weak on other growth factors. 

2. The effect of increasing nitrogen rates depends on potassium fertilizing systems 
being the highest in conditions of medium K soil fertility and medium nitrogen 
rate, providing that fresh potassium was applied.  

3. Potassium and nitrogen surpluses result in grain yield decline due to imbalance 
between  vegetative and reproductive plant parts. 
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Abstract

Potential productivity of maize is high, providing that supply of basic nutrients 
at critical stages of yield development is not limiting for its growth. In Poland 
potassium supply to maize plants is limited due to low K soil fertility level and/or 
unbalanced nitrogen application. In years 2001-2003 three series of fi eld experiments 
were conducted on naturally K fertile soil to evaluate the effect of four potassium-
fertilizing systems on fertilizer nitrogen productivity. The highest nitrogen partial 
productivity factor has been obtained for crop grown on the K medium fertile plots 
but regularly fertilized with K. Under these K supply conditions, maize achieved a 
good state of balance between vegetative (mainly stems) and reproductive (cobs) 
plant parts, which, in turn allowed producing maximal yield of grain. Excessive 
supply of both potassium and nitrogen resulted in domination of vegetative plant 
parts and in consequence, decreased grain yield. 
K e y  w o r d s: potassium management systems, nitrogen fertilization, maize grain 
yield 

Introduction

Maize is a crop of very high yielding potential but is also extremely sensitive 
to external growth factors and in the consequence show year-to-year grain yield 
variability. In Poland poor fertility of soils under maize cultivation, generally related 
to low content of available K and low soil pH, as well as imbalanced structure of 
applied fertilizers on behalf of nitrogen strengthens the negative effects of unfavorable 
weather conditions. As a result maize crop throughout the growing season is highly 
sensitive to environmental stress, mainly to water shortages [Barłóg and Frąckowiak, 
2008, Grzebisz 2008, Kruczek and Szulc, 2005]. 

The effi cient production system of maize should include three main factors, a 
proper choice of a variety adapted to site specifi c growth conditions, high level of 
soil fertility and suffi cient supply of nutrients affecting maize growth at early stages 
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Abstract 

Rate of dry matter accumulation by maize at critical stages of plant development 
is highly sensitive to external growth factors and fi nally affects grain yield. In the 
years 2001-2003 fi eld experiments were carried on two soils differing in content 
of available potassium (high H and medium M) with two levels of freshly applied 
potassium, 0 and 160 kg K2O·ha-1 with the aim to evaluate the effect of potassium 
supply on maize dry matter accumulation rate. The total, stems and cob biomass 
has been examined during the whole maize growing season. The analysis of the 
data, though showing high seasonal variability revealed three main critical phases 
of maize canopy growth. The progressive phase,  up to the tasseling in which plants 
are developing the highest growth rate of total and stem biomass, plateau, which 
length is subjected to external factors and regressive one, in which cobs only are 
showing  growth rate response. The second phase, deciding upon the structure of 
grain yield was signifi cantly affected by potassium supply. Insuffi cient potassium 
supply accelerates or delays the occurrence of plateau phase and reduces the rate of 
dry matter accumulation by whole plant biomass or its particular part.  
Key words: dry matter accumulation rate, potassium supply, critical stages of maize 
growth 

Introduction 

The whole vegetation period of terminated crop plants can be divided into three 
sub-periods. Early sub period can be described by exponential regression model,  
juvenile described by linear regression model and saturated one  described by 
different regression models, from linear to quadratic [Silvester-Bradley et al., 2002; 
Xinyou Yin et al., 2003].

High rate of biomass accumulation by a maize canopy at particular development 
stage of growth is a prerequisite for high yield of grain. The most important are 
three periods of growth, fi rst at early stages of crop growth, extending from 4th to 6th 
leaf, when the number of leaves and ears are fi nally fi xed, second extending from 
tasselling up to blister stage deciding upon the number of kernels per plant and the 
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third - ripening phases responsible for   the kernel weight [Grzebisz 2008; Rajcan 
and Tollenaar, 1999; Ritche, Alagarswamy, 2003]. 

 Dry matter accumulation rate of plants during  maize vegetation is subjected 
to many environmental stresses, which affect expression of grain yield structure 
elements. Potassium is a nutrient taken up by maize crop in amounts equal to nitrogen 
and during juvenile stages of maize crop growth its accumulation precedes nitrogen 
uptake [Weichmann, 1992]. Therefore, permanent recording of dry matter yields 
by maize crop over the growing season, with special relevance to critical stages of 
yield structural element development, seems to be a reliable method to determine the 
positive or negative effects of potassium supply on main physiological crop plant 
characteristics, signifi cantly affecting dry matter accumulation rate. 

The main aim of the current study was to evaluate effects of four contrasting 
systems of potassium fertilizing on dry matter accumulation patterns by maize crop 
throughout  vegetation. 

Materials and methods

The basic set of experimental data is described in the paper by Grzebisz et al., 
[(this issue)]. For determining critical stages of maize canopy dry matter accumulation 
rate in the course of the growing season four treatments, from twelve, were taken 
into consideration, 

1) 2 levels of soil potassium content, M (medium) and High (H);
2) 2 levels of fertilizer K application, 0 and 160 kg K2O ha-1 (K-; K+). 

Nitrogen was applied in the rate 140 kg N ha-1. 
In order to determine parameters of dry matter accumulation plants were sampled 

from an area of 1 m2 in eight consecutive stages of maize growth according to the 
BBCH scale: 14, 35, 55, 65, 75, 83, 87, 89. At each sampling date, the plant sample 
was partitioning into leaves, stem, ear (cob) and then dried (65 oC). Finally, total and 
sub sample dry matter per plot was recorded. For each plant part index of crop dry 
matter accumulation rate was calculated using the formula: CdmAR = dW/dt (g · 
m-2 · d-1), where, dW - dry matter yield at a given stage of maize growth; dt - period 
of time between two consecutive sampling dates. 

All data were subjected to conventional analysis of variance using computer 
programs STATISTICA 7. The simple regression was applied to estimate the strength 
of relationships between plant characteristics. 

Results and discussion 

Total biomass 
Dry matter yield of maize crop increases progressively throughout plant growth, 

but shows highly year-to-year variability, mainly affected by specifi c weather 
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conditions.  In 2001 years fi nal dry matter yield depending on  potassium treatments 
ranged from 26.3-to 30.5 t ha-1. In the second and third year of the study fi nal biomass 
yield was much lower. In 2002 it ranged from 18.6 to 24,2 and in 2003 from 25.1 
to 27.3 t ha-1. The differences in biomass yield signifi cantly affected yields of grain 
[Grzebisz et al., this issue].  

It is generally supposed that the most critical stage of maize growth with respect 
to dry matter yield response to potassium supply takes place during the intensive 
increase of stem biomass. As presented in Table 1 signifi cant responses of total 
biomass to fertilizing treatments were recorded in two of three years at anthesis and 
in all years at the beginning of grain growth phase. These fi ndings clearly indicate that 
even on K fertile soils dry matter yield of maize crop during the most critical stages 
of yield structure development is signifi cantly subjected to potassium supply. At this 
critical period, a fi nal number of kernels per ear is fi nally fi xed, in turn positively 
affecting size of the physiological maize sink (Ritche, Alagarswamy, 2003). 

Table1. Effect of interaction between potassium soil fertility, K- and N-fertilization 
on total biomass of maize, the F-values

Year Sampling dates, according to BBCH growth scale

14 35 55 65 75 83 87 89 

2001 9.24*** 0.08 0.41 10.4*** 7.94** 1.57 0.12 0.91

2002 1.39 1.39 0.67 4.60* 3.08 0.76 2.96 2.98

2003 0.29 0.96 0.89 0.11 8.6*** 1.15 0.41 0.22

*, **, *** - levels of probability  0.05; 0.01; 0.001

Patterns of total biomass accumulation have been described by polynomial 
regression model. The best fi t of experimental data has been assessed for eight of 
nine treatments by  the polynomial function of 3ed degree. Only in one case referring 
to the HK- treatment in 2003 the best fi t was achieved by the linear regression model. 
The obtained derivatives of 3ed degree functions allowed calculating the breaking 
point of dry matter accumulation by maize crop. This index indicates a transition-time 
point of dry matter accumulation rate by a maize canopy. It was signifi cantly affected 
by interaction of year and K treatment. Therefore, effect of potassium treatments on 
total maize biomass was year specifi c:

2001:  MK- ≥ MK+ ≥ HK- ≥ HK+;
2002:   HK+ ≥ HK- ≥ MK+ ≥ MK-;
2003:   MK- ≥ MK+ ≥ HK+. 
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As stated earlier maize crop is highly sensitive both to external factors, like 
weather variability and to agronomic factors, such as nitrogen and/or potassium 
fertilizing systems. This statement has been fully confi rmed by the own study. The 
crop dry matter accumulation rate (CdmAR) during plant vegetation, refl ected 
effects imposed by weather variability in consecutive years of study and by systems 
of potassium application (Tab. 2). 

Table 2. Dry matter accumulation patterns as described by regression models 

Year and 
treatment Equation R2

Breaking 
point

2001

MK- DMY = -0.010d3 + 3.299d2 – 291.2d + 7793.1 0.979 105.7

MK+ DMY = -0.018d3 + 5.657d2 – 497.9d + 13400 0.969 101.9

HK- DMY = -0,019d3 + 5.708d2 – 497.1d + 13264 0.946 100.1

HK+ DMY = -0.017d3 + 5.017d2 – 425.3d + 10970 0.918 88.2

2002

MK- DMY = -0.009d3 + 2.639d2 – 211.1d + 5166.1 0.939 95.6

MK+ DMY = -0,009d3 + 2.512d2 – 184.7d + 4000.5 0.915 93.0

HK- DMY = -0.007d3 + 2.038d2 – 145.8d + 3035 0.911 97.2

HK+ DMY = -0.009d3+ 2.638d2 – 212.3d + 5199.2 0.958 97.7

2003

MK- DMY = -0.002d3 + 0.544d2 – 13.61d – 530.0 0.972 86.4

MK+ DMY = -0.004 d3 + 0.783d2 – 9.828d - 1174,3 0.965 72.5

HK- DMY = 26.61d – 1166.6 0.884 -

HK+ DMY = -0.003 d3 + 0.420d2 + 24.50d – 2137.4 0.963 56.0
d – days after sowing 

In the fi rst, 2001 year, the course of CdmAR indices (Fig. 1a):
1) reached plateau lasting ca four weeks, i.e., from tasselling to the blister stage of 

kernels growth;  
2) were much lower during the plateau periods for MK- treatment in comparison to 

three others; 
3) were affected progressively from tasselling to the beginning of kernels growth 

phase by K fertilizing system.  
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Fig.1a. Effect of potassium fertilizing systems on patterns of the absolute dry 
matter  accumulation, 2001 year.  

Fig.1b. Effect of potassium fertilizing systems on patterns of the absolute dry 
matter accumulation, 2002 year. 
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In the second year of study, 2002, general courses of the CdmAR index over the 
growing season were quite different in comparison to 2001 (Fig. 1b). Its maximum 
values revealed at full fl owering phase of maize growth, but they were signifi cantly 
affected by the mode of potassium management. Maize crop grown on the MK- 
plot showed the same level of the index as in 2001. On the other K treatments, the 
CdmAR indices reached much higher values, increasing in order: MK- < HK+ < 
HK- < MK+. 

In the third, 2003 year, patterns of CdmAR indices during  the growing season 
were even more complicated, but similar to those from 2001 years (Fig. 1c). Top 
values of the index generally ranged between 60 to 80 g m-2 d-1. The highest values 
were attributed to plots freshly fertilized with K and the lowest to plants grown on 
K-non-fertilized plots. Plants grown on K fertile plots (H soil fertility level, MK+) 
reached a maximum rate of biomass growth at tasselling but those grown on the MK- 
plot a stage later, at anthesis. 

The most important  fact is, that irrespectively of year–to-year variability, 
values of CdmAR index showed an extremely high increase at the transition phase 
of maize canopy growth, i.e., from vegetative to reproductive  growth. Therefore, it 
can be concluded that high demand of growing ear for carbohydrates can be fulfi lled 
providing that potassium is not limiting growth factor. However, the best conditions 
for maize growth were created on the K medium fertile soils if the fresh fertilizer 
potassium was applied. This fi nding suggests that oversupply of potassium, which 
occurred in the HK+ treatment, disturbs the appearance of transition phase, which is 
decisive for both length of reproductive phase and sink capacity of the maize ear. 
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Biomass of stems 

The general pattern of maize stem dry matter accumulation rate differs 
signifi cantly from that of total dry matter. The most sensitive stage for this plant 
part to the imposed K treatments, independently of year-to-year variability, was at 
the onset of grain growth. In addition, in 2002 years, impact of K supply extended 
up to the beginning of dough stage (Table 3). However, the fi nal dry matter yield 
of this part of maize canopy was  not affected by year-to-year variability but  a 
signifi cant response of stems biomass to K fertilizing system and N rates has been 
found [Grzebisz et all, this issue].
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Fig. 2a. Effect of potassium fertilizing systems on patterns of the absolute dry 
matter accumulation by maize stems, 2001 year. 

Table 3. Effect of interaction between potassium soil fertility, K- and N-fertilization 
on stem biomass of maize, the F-values 

Year Sampling dates, according to BBCH growth scale

35 55 65 75 83 87 89 

2001 0.10 0.80 7.23** 6.69** 1.05 0.04 0.81

2002 0.55 0.17 2.29 6.47** 4.35* 0.18 1.51

2003 0.03 0.75 0.62 5.22* 0.87 2.84 0.64

*, **, *** - levels of probability 0.05; 0.01; 0.001.
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Fig. 2c. Effect of potassium fertilizing systems on patterns of the absolute dry 
matter  accumulation by maize stems, 2003 year

Fig. 2b. Effect of potassium fertilizing systems on patterns of the absolute dry 
matter accumulation by maize stems, 2002 year.  
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The patterns of dry matter accumulation rate by stems were highly responsive 
both to weather and to fertilizing treatments (Figs. 2a-c). The whole vegetation 
period, assessed by  the index, called dry matter accumulation rate (SdmAR) can be 
simply divided into two phases, progressive and regressive. Hence, three important 
physiological information can be drawn by  this index evaluation, length of the fi rst 
phase, stage of maize plant indicating the maximum SdmAR establishment and rate 
of growth during the beginning of the second phase. 

In 2001 plants grown on the medium K fertile plots and without K fresh 
fertilization (MK-) achieved the top rate of growth at full tasseling, while those 
grown on K fertile plots (both H treatments and MK+)  a phase later, i.e., at full 
fl owering, reaching 55 and 73 g m-2 d-1, respectively. At the regressive phase of dry 
matter accumulation plants grown on fertile K treatments showed also much higher 
rate of growth. In 2002 the most conspicuous point of dry matter accumulation by 
the maize canopy was the SdmAR maximum appearance, which irrespectively on 
K treatment, revealed at full fl owering (Fig. 2b). At this particular time-point of 
maize growth differences between treatments were extremely high, increasing in the 
order:

MK- < HK+ < MK+ = HK-.

The rate of dry matter accumulation by maize stems affected its total dry matter 
accumulation in two consecutive growth stages, BBCH 75 and 83 (see Table 3). 
Moreover, the differences in SdmAR indices were refl ected in the fi nal grain yield 
performance [Grzebisz at al., this issue]. The most complicated patterns of SdmAR 
course reveal in 2003 (Fig. 2c). Plants grown on K fertile plots reached top values 
at tasseling, while those grown in the MK- treatment a phase later. With respect 
to a maximum of SdmAR indices, the studied treatments can be divided into two 
groups:

1) low (50 g m-2 d-1): MK-; HK-;
2) high (60-65 g m-2 d-1): MK+; HK+.
The differences are clearly attributed to past and fresh K fertilization practices. 

However, at declining phase, as evaluated at BBCH 75, SdmAR indices were as 
follows: MK- > HK- = HK+ > MK+, i.e., presenting an opposite trend to the previously 
described maxims. The order of maize canopy response to K supply indicates a great 
potential of this crop to compensate the rate of growth even during ripening phase, 
provide that water conditions allows to take limited nutrients, like potassium. This is 
probably one of the biggest advantages of stay-green types of maize varieties. 

Biomass of cobs 
Dry matter accumulation rate of maize cobs throughout the growing season 

presents generally a progressive trend. This trend can be described by the exponential 
regression model as found in 2001. However, signifi cant impact of potassium 
treatments on this canopy characteristic was attributed only to early stages of crop 
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growth. In the second, 2002 year, dry matter accumulation by cobs during the 
growing season fi ts the best the quadratic or linear regression models as found for K 
medium or K high fertile treatments, respectively. This small difference in the mode 
of dry matter accumulation by cobs stresses an importance of potassium supply to 
maize plants during fi nal stages of kernels ripening. In the third, 2003 year, dry 
matter yields of cobs increased throughout vegetation in accordance to the linear 
regression model (Table 4).

Table 4. Effect of interaction between potassium soil fertility, K- and N-fertilization 
on cob’s biomass of maize, the F-values 

Year
Sampling dates, according to BBCH growth scale

65 75 83 87 89 

2001 6,42** 6,42** 3,10 0,52 0,75

2002 2,88 5,53** 2,06 1,76 1,89

2003 0,92 4,93* 3,62* 0,36 0,07
*, **, *** - levels of probability  0.05; 0.01; 0.001
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The applied EdmAR index, describing dry matter accumulation rate by maize 
cob, allowed to evaluate effects imposed by seasonal weather variability and by 
tested potassium fertilizing systems. In 2001 the highest rate of the cob growth took 
place during the phase of intensive kernel growth (Fig. 3a) with a maximum at early 
dough stage (BBCH 83). At this stage EdmAR indices were affected by K treatments 
as follows: 

MK-  ≥  HK- > MK+ > HK+

This order of treatments explicitly underlines an importance of fresh K fertilizer 
application, irrespective on the soil K fertility level, on the cob growth rate at the 
most critical stage of maize physiological sink capacity growth. However, low rate 
of a cob growth at early stages of maize crop development was compensated at later 
stages, as presented by plants grown on the MK+ treatment. Dry matter accumulation 
patterns by maize cobs in 2002 were substantially different in comparison to 2001, 
characterized by high yield of grain (Fig. 3b). The progressive period of cob growth, 
as presented by the EdmAR indices, showed its sensitivity to K fertilizing system. 
Plant grown on K medium fertile plots reached the maximum rate of growth at early 
dough stage (BBCH 83), while those grown on K fertile soils already at the dough 
stage (BBCH 87), differing also in top values. The found patterns of the EdmAR 
index over this particular growing season indicate importance of potassium supply 
to maize crop even in late stages of maize growth. In the third, 2003, patterns of dry 
matter accumulation by cobs can be best described by linear regression model. This 
type of cob growth underlines favorable conditions for carbohydrate production by 
leaves, on the one side and suffi ciently high capacity of the physiological sink, i.e., 
kernel number per cob on the other side. The EdmAR indices reached, irrespectively 
on the K fertilizing system, their maximum at the beginning of kernel’s growth phase 
(Fig. 3c). At this particular period of maize plant development order of K treatments 
was as follows:

HK+ < MK- = HK- < MK+.

This order of potassium treatments explains a specifi c maize crop response 
to potassium fertilizing treatments as found for grain yield [Grzebisz et al., this 
issue]. However, the most important are weather conditions in ripening period of 
maize growth, when the order of treatments was as follows: HK+ = HK- > MK+ = 
MK-, underlying the effect of soil fertility level on yield development under stress 
conditions. 

Final conclusion

The patterns of dry matter accumulation by a maize canopy explicitly indicate 
that the most critical period of maize crop response to K supply extends from tasselling 
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up to young stages of kernel growth. Lack of fresh K application infl uences, as a rule 
negatively the rate and course of dry matter accumulation over the growing season. 
Effects of other K treatments are highly year-to-year variable. However, they stress 
upon importance of K fresh supply to medium K fertile soils in years with growth 
disturbance in the main critical stages of grain yield formation, i.e., from tasselling 
to blister stage of kernel’s development. In these growth condition effects of fresh K 
fertilization on the rate of dry matter accumulation by a maize canopy extends up to 
main stages of ripening, positively affecting mass of an individual kernel. In can be 
concluded that in years favorable to maize growth an optimum supply of potassium 
can be considered as a factor enhancing yield potential expression but in unfavorable 
years increases its resistance to stress factors, in turn decreasing grain yield losses. 
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Abstract 

Grain yield of maize signifi cantly depends of nitrogen management by the canopy 
during the whole growing season, both in the vegetative and reproductive period of 
growth. So far, the ripening part of maize vegetation is weakly recognized in the 
stay-green group of varieties.  In order to evaluate maize crop nitrogen economy 
this particular period three series of annual fi eld experiments was conducted in 
2001, 2002 and 2003 years. Effect of increasing nitrogen rates on the background 
of interacted four systems of potassium management on total and plant part specifi c 
nitrogen accumulation at anthesis (stems, leaves, cobs) and at maturity (grain, stems, 
leaves, cob covering leaves, cob core) were evaluated. Total uptake of nitrogen at 
anthesis was slightly above 50% of total uptake at harvest, which amounted on 
average to 250 kg N ha-1. Contribution of pre-anthesis N to grain N yield was low, 
as indicated by nitrogen translocation indices, in addition without any signifi cant 
effect on fi nal grain yield. Effect of the studied potassium management systems on N 
economy during ripening period of maize growth was treatment specifi c.  Based on 
the obtained data it was possible to indicate the best treatment, i.e. the medium fertile 
soil currently fertilized with K as effective in grain yield production.  Both lack of 
long term fertilizer potassium application and excessive application of both nutrients, 
i.e. nitrogen and potassium lead to excessive nitrogen uptake by a maize canopy as 
indicated by analysis of the unit nitrogen uptake index, which any increase resulted 
in lower N accumulation in grain, in turn negatively affecting yield of grain. 
K e y  w o r d s: maize canopy, nitrogen economy, reproductive growth, yielding 
response

Introduction

Effect of fertilizer nitrogen on plant growth and yielding of maize crop seems 
to be well recognized, but only seemingly. Its use effi ciency is worldwide low. In 
the U.S., the most experienced maize producer, in years 1999-2000 the partial factor 
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productivity of fertilizer nitrogen (PFPN) was at the level of ca 60, ranging from 
48 to 80 kg grain kg N-1 and related annual grain yield ranged from 7 to 11 t ha-1  
[Dobermann, Cassman 2002]. In Poland the average PFPN in the period 1986-2008 
was at the level of 75 kg grain kg N-1, but ranging from 46 to 122 kg grain kg N-1. It 
has been assessed, that the raise of this index to 105 kg grain kg N-1 could increase 
an average yield from ca 5,5 t ha-1 (average 1992-2008) to 7,5 t ha-1 [Potarzycki, 
Grzebisz, 2010]. 

Nitrogen is a crucial nutrient for both vigorous and productive maize plant 
growth over the most of the vegetation course. As reported by Subedi and Ma [2005] 
insuffi cient supply of nitrogen to maize plants from the stage of 5th leaf (BBCH 15) 
up to the blister stage (BBCH 71) signifi cantly decreases the kernel number per plant 
(KNP), in turn decreasing its physiological sink capacity. In addition, the fi nal grain 
yield is signifi cantly modifi ed during ripening phase pursuant to source: sink ratio 
as expressed by maize kernel weight (KW). Therefore, the most critical period of 
maize grain yield components formation extends from tasseling up to plant maturity 
(BBCH 89). At the beginning of this long lasting period nitrogen supply is responsive 
to fi nal fl owers set up, number of developed kernels per a cob and individual kernel’s 
capacity for carbohydrate accumulation. At the beginning of grain ripening period  
nitrogen supply affects plant senescence processes, in turn controlling leaves activity 
and duration [D’Andrea et al. 2008; Borras et al. 2003; Cazetta et al. 1999; Maddonni 
et al. 1998; Otequi, Bonhomme 1998]. 

The most critical period of KNP formation is highly sensitive to external factors, 
in turn negatively affecting maize physiological sink capacity during ripening 
[Paponov et al. 2005; Uhart, Andrade 1995]. There are plenty of external factors, 
which may affect the formation of grain yield since tasselling up to maturity. In 
Poland the most important are two sets of factors. low soil fertility, mainly related to 
low soil K fertility and irregular precipitation during the KNP set up, in turn causing 
high year-to-year yield variability. 

The objective of the conducted fi eld study was to evaluate the effect of 
differentiated potassium management systems on uptake and on indices of nitrogen 
economy of maize canopy during the period of growth extending from anthesis to 
maturity.

Materials and methods

The basic set of experimental data is described in details by Grzebisz et al., 
(2011a). The fi eld trial arranged as a three-factorial split-block design, replicated 
four times, consisted following factors: 

1. Potassium soil fertility level, considered as K availability class, M (medium) 
and  H (high); 
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2. Potassium fertilizing rates, kg K2O ha-1, 0 (K-) and 160 (K+);
3. N rates, kg N ha-1, 100, 140 and 180. 
For purposes of this part of the study maize plants were sampled from an area 

of 1.0 m2 at full anthesis (BBCH65) and at maturity  (BBCH89). At both stages, the 
harvested plant sample was partitioning, according to its stage of development, into 
subsamples of leaves, stem, ear, grain, and then dried (65 oC). Finally, total and sub 
sample nitrogen accumulation per plot was recorded. 

Six parameters have been applied to describe nitrogen economy during grain 
fi lling of maize crop: (i) nitrogen translocation (Nt, g · m-2) (ii) nitrogen translocation 
effi ciency (NtE, %) (iii) nitrogen gained (+) or lost (-)(Ng/l, g · m-2)  (iv) effi ciency 
of nitrogen at anthesis gained or lost (Ng/lE, %), (v) unit nitrogen uptake (UNU), 
kg · N t-1 1 t grain + respective amount of straw), (vi) nitrogen harvest index 
(NHI, %). The used equations for each index calculation are as follows: (i) Nt

 = Nat 
– Nhvv (ii) NtE = Nt/Nat x 100 (iii) Ng/l = Nhvtot – Nat (iv) Ng/lE = Ng/l/Nat · 100;  (v) UNU 
= Nt/GY;  (vi) NHI = Nhvg/ Nhvtot x 100, where Nat – nitrogen content in plant canopy 
at anthesis (kg ha-1), Nhvv – nitrogen content in vegetative maize organs at maturity 
(leaf + stems + cob’s sheath) (kg ha-1); Nhvtot - nitrogen content in vegetative organs 
at maturity, (kg ha-1) Nhvg – nitrogen content in grain (kg ha-1). 

The experimentally obtained data were subjected to conventional analysis of 
variance. Least signifi cant difference values (LSD at P = 0,05) were calculated to 
establish the signifi cance of mean differences. The simple regression was applied to 
estimate strength of relationships between some plant characteristics. 

Results and discussion

Nitrogen accumulation by maize crop at anthesis

At anthesis (BBCH 65) total amount of nitrogen accumulated by maize canopy, 
averaged over all other factors, amounted to 137 kg N ha-1 and did not show any 
seasonal effect (Table 1).  Only one of three experimental factors, i.e., increasing rates 
of applied nitrogen (Nrates) signifi cantly affected maize crop nitrogen accumulation at 
this particular stage of its development. Uptake of total nitrogen was as in accordance 
with increasing N rate but the highest increase was recorded at rates of 100 and 
140 kg N ha-1 (+ 14%). Structure of the accumulated N, taking into account three 
main plant parts, i.e., stems, leaves and young-developing cobs, were variable but 
organ-specifi c. Maize stem as the main maize part accumulated ca 78-80% of total 
nitrogen at this stage of maize crop growth. In addition, it was not affected by any 
of experimental factors and did not show any response to weather factor, i.e., year-
to-year variability. This stresses on the fact, that not limited supply of nitrogen to 
maize canopy during the vegetative period of growth creates a good physiological 
background for yield structure establishment (Grzebisz et al., 2011a). 
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Table 1. Statistical evaluation of main factors affecting nitrogen accumulation by 
maize at anthesis (kg N ha-1)

Experimental 
factor, Level of 

factor,

Components of biomass
   total                leaves             stems              cobs

Soil fertility 
level,

M 137.0 20.47 b 105.7 10.8 b

H 138.7 18.26 a 112.0 8.4 a

F-values, 0.48 7.30** 1.22 16.6***

Potassium 
fertilizing,

K- 137.8 19.63 108.6 9.59

K+ 137.8 19.11 109.1 9.60

F-values, 0.00 0.40 0.01 0.00

N rates, 
kg N ha-1

100 125.8 a1 15.36 a 101.9    8.51 a

140 143.6 b 22.84 c 110.6 10.19 b

180 144.0 b 19.90 b 114.0 10.08 b

F-values, 3.34*2 28.4*** 1.55 3.45*

Years, 2001 152.2 24.00 b 110.4 17.78 b

2002 127.4 11.93 a 106.3    9.20 a

2003 139.9 22.17 b 109.9     7.80 a

F-values, 2.87 84.6*** 0.20 15.9***

1means with the same letter are not signifi cantly different at α=0,05 (Tukey test). 
2*, **, *** - levels of probability of 0.05; 0.01; 0.001.

Maize leaves at anthesis accumulated on average 15% of total nitrogen, 
showing signifi cant response to seasonal weather variability and also to N rates 
and soil K fertility level. This plant part responded signifi cantly but independently 
on the seasonal factors to all experimental treatments (Fig.1). The lowest amounts 
of nitrogen, irrespectively on the K fertilizing system, were attributed to N plots 
fertilized with 100 kg N ha-1. The highest were, however, attributed to plants grown 
on N plots fertilized with 140 kg N ha-1, except the MK- treatment. The most 
pronounced differences among N treatments were found for the MK+ plot followed 
by the HK- one. It can be therefore, concluded that under conditions of good supply 
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of potassium, which refers to the high K fertility main plot and to the medium K 
fertile treatment but currently fertilized with potassium, fertilizer N rate should be 
limited. As presented for the 180 kg N ha-1 plot oversupply of N cause depression 
of N accumulation in maize leaves. The assumption that leaf accumulated nitrogen 
(LAN) exerts a signifi cant effect on fi nal grain yield (GY) has been fully corraborated 
as presented by the developed equation:

GY = 0.162LAN + 6.63  for n = 12,  R2 = 0.49 and P ≤ 0.01
This hypothesis could be even strengthened, providing that the MK- treatments 

are skipped of the equation:
GY = 0,1963LAN + 5.99 for n = 9, R2 = 0.69 and P ≤ 0.001
Therefore, maize crop fertilization with nitrogen requires a very precise 

assessment of N fertilizer rate but adjusted to the current soil K availability. The best 
conditions for maize crop growth could be therefore, achieved under conditions of 
medium content of available K and K fertilizer rate covering ca 50% of nutritional 
requirements. 

The third studied maize crop part, juvenile cobs, constituted on average less  
than 7% of total N accumulated by maize crop at anthesis. However, this plant part 
was highly sensitive to seasonal factor, i.e. weather variability and also to soil K 
fertility level and to N rates. However, as in the case of leaves, cob’s accumulating 
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nitrogen (CAN) over the whole studied period, showed a signifi cant response to all 
experimental factors, but at the same time being independent on seasonal weather 
variability. The highest amounts of accumulated nitrogen were attributed to the MK+ 
and the lowest to the HK+ treatments, respectively (Fig. 2). 

This sequence of treatments stresses on the delayed rate of nitrogen accumulation 
by maize plants, when grown on K fertile soil or fertilized with excessive amounts 
of fertilizer nitrogen. In other words, at full fl owering stage of growth, maize plants 
optimally supplied with N show acceleration in ear growth. Any efforts to fi nd a 
signifi cant relationship between cob’s accumulated nitrogen (CAN) and grain 
yield (GY) were successful providing that the MK- main plot was skipped out of 
calculation, as presented by the equation:

       GY = 0.298CAN + 6.87    n = 9, R2 = 0.42 and P ≤ 0.05
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Based on the above equation, one can assume that as highest N accumulation by 
juvenile maize cob at anthesis, as higher grain yield can be expected. This statement 
is true, providing that N rate is adjusted to K fertilizing system, including both soil 
K availability level and amounts of currently applied K fertilizer rates. The found 
CAN delay, attributed to the HK+ treatment,  can be partly explained by Xu et al. 
(2004), who formulated  a thesis that excessive growth of maize internodes at middle, 
vegetative stages of maize growth is the main reason of cob growth suppression. 

Nitrogen accumulation by maize crop at maturity

At maturity total uptake of nitrogen by maize crop amounted on average ca 250 
kg N ha-1, i.e. doubled in comparison to that at anthesis (Table 2). The seasonal effect 
was signifi cant, but the differences between all three years were small, below 20 kg N 
ha-1. Other two factors, nitrogen rates and potassium management systems interacting 
with each other, signifi cantly affected amounts of total N uptake (Fig. 3).  
Plants grown on the K-non fertilized plots accumulated nitrogen progressively to 
increasing N rates. On the K fertilized plots, the highest N uptake was noted in the 
140 kg N ha-1 treatment. Plant grown on the plot with 180 kg N ha-1 accumulated 

Fig. 3. Effect of nitrogen rates on the background of potassium fertilizing system 
on total nitrogen uptake by maize crop, mean for 2001-2003. Means with the same 

letter are not signifi cantly different at α=0,05 (Tukey test).
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much lower amount of nitrogen. The interaction of both experimental factors 
signifi cantly affected total nitrogen uptake (TNU) and in turn fi nal yield of grain 
(GY) as presented by the following equation: 

     GY = 0,031TNU + 1,978    for R2 = 0.679; n = 6 and P ≤ 0.05
 

Table 2. Statistical evaluation of main factors affecting nitrogen accumulation by 
maize at maturity (kg N ha-1)

Experimen-
tal factor,

Level of 
factor,

Components of biomass

Total Grain Leaves Stems
Cob 

covering 
leaves

Cob core

Soil fertility 
level,

M 251.3 142.5 29.1 65.6 a 9.0 b 5.1

H 249.7 135.8 28.5 72.6 b 8.0 a 4.9

F-values, 0,07 1.81 0.23 13.4*** 27.5*** 0.90

Potassium 
fertilizing,

K- 257.3 b 142.8 28.9 71.5 b 8.5 5.5 b

K+ 243.7 a 135.5 28.7 66.7 a 8.4 4.4 a

F-values 5,25* 2,09 0,03 6.39* 0,40 29.6***

N rates, 
kg N ha-1

100 235.5 a 131,0 24.6 a 67.8 8.0 a 4.2 a

140 260.6 b 144,9 31.2 b 69.6 9.4 b 5.4 b

180 255.4 b 141,6 30.5 b 70,0 8.1 a 5.3 b

F-values 6.59** 2,79 11.5*** 0.49 22.9*** 13.3***

Years,

2001 237.3 a 112.7 a 30.8 b 77.9 b 9.5 b 6.4 b

2002 256.0 b 155.3 b 22.9 a 66.6 a 7.0 a 4.3 a

2003 258.2 b 149.4 b 32.7 b 62.9 a 9.0 b 4.2 a

F-values 4.99** 28.0*** 23.6*** 22.3*** 63.6*** 46.5***
1means with the same letter are not signifi cantly different at α=0,05 (Tukey test
2*, **, *** - levels of probability of 0.05; 0.01; 0.001,.

The order of nitrogen amounts, accumulated, in particular, organs of maize crop 
was as follows: grain > stem > leaves > cob covering leaves > cob core (Table 2). 
Nitrogen accumulated in grain constituted a major part of total nitrogen in maize 
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crop at harvest. Its amounts were signifi cantly affected only by weather course 
in the given vegetative season. Much lower contend of grain N in 2001 clearly 
indicates a dilution effect, resulting in higher fi nal grain yield. However, one specifi c 
interaction between a soil K fertility levels and increasing N rates, signifi cantly and 
independently on seasonal variability, affecting amounts of N accumulated in grain 
has been found. This interaction underlines an importance of soil fertility level in 
development different patterns of nitrogen uptake. Plants grown on the medium K 
fertile plots achieved top N accumulation in grain in the 140 N ha-1 treatments, while 
those grown on the HK plots accumulated nitrogen progressively to N rate increase. 
As expected for this major plot, grain nitrogen accumulation (GNA) signifi cantly 
affected fi nal yield of grain (GY):

GY = 0.046GNA + 3.413  for n = 6, R2 = 0.667 and P ≤ 0.05

Nitrogen accumulated in maize stem at harvest constituted ca 28% of total N 
uptake. Effect of weather seasonal variability was signifi cant, showing much higher 
N accumulation in very good 2001 than in other two years. Signifi cant effects are 
also related to K soil fertility level and K fertilizing system. However, both factors 
did not show any interaction. The only  signifi cant interaction, independent on 
seasonal variability refers to the K fertilizing system and increasing N rates (Fig. 5). 
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The found trends showed the opposite effects of increasing N rates on the amount 
of N accumulated in this maize part. As a rule this effect was positive on the K non-
fertilized and negative on the fertilized plots. The found rule indicates that excess of 
potassium and nitrogen supply leads to signifi cant decrease of N fi nal accumulation 
in maize stems., It can be only related to the higher amount of hydrolysable nitrogen 
and its higher rate of remobilization during post-silking growth of maize cob.  

Nitrogen content in maize leaves at maturity, ca 12%, constitutes minor pool of 
its total uptake. In comparison to total and grain or stem N it was much more affected 
by year to year variability, showing the lowest amount in 2002. Nitrogen was the 
second factor signifi cantly affecting fi nal amounts of leaf accumulated N, increasing 
up to 140 kg N ha-1. In spite of non-signifi cant effect of potassium treatments, the 
pronounced response of nitrogen content in leaves to interaction of soil K fertility 

Fig. 5. Effect of nitrogen rates on the background of potassium fertilizing system on 
nitrogen accumulation in stem yield, mean for 2001-2003. 

Means with the same letter are not signifi cantly different at α=0,05 (Tukey test).
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level and K fertilizing system was found (Fig. 6). The highest accumulation of N in 
maize leaves was found in crops grown on the medium K fertile soil but at the same 
time fertilized with potassium. It slightly lowers amounts of nitrogen was found on 
the HK plot but without K fresh fertilizer supply. It can be therefore, concluded that 
high N content in maize leaves at maturity was a basis for high grain yield harvested 
on these two main plots [Grzebisz et al., 2010], providing that nitrogen rate was 
under control (see Fig. 3). 
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Other parts of maize, i.e., vegetative parts of its cob showed the highest among 
studied plant organs response to seasonal weather courses. Amounts of accumulated 
nitrogen were however, much lower in 2002 and 2003 than in 2001, indicating a 
much higher contribution of the most proximate kernel’s plant parts to grain N. 

Indices of maize crop nitrogen economy 

Nitrogen economy during the reproductive period of maize crop growth has been 
described by fi ve indices. A part of these indices refl ects the intensity of physiological 
processes, related to N use effi ciency and another one is an agronomic index, termed 
as unit nitrogen uptake (UNU). The main question regarding N economy in this 
particular period of maize growth refers to post-anthesis N uptake and pre-anthesis 
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N-pool in N grain fi lling processes. The fi rst index, nitrogen gain/losses (Ng/l) describe 
the amount of nitrogen taken up by a maize canopy during its reproductive period of 
vegetation. For the most studied cases (11 in 12) obtained indices exceeded 100 kg N 
ha-1. This means that yield of stay-green maize varieties signifi cantly depends on the 
soil nitrogen pool, which may affect leaf photosynthetic activity, i.e., extending its 
duration period. For most of the studied treatments, the N gain was however below 
amounts taken up by maize crop during its vegetative growth period. It was indicated 
by variability of the nitrogen gain/losses effi ciency index (Ng/lE , not shown). In order 
to evaluate importance of this N pool, maize grain yields (GY) were regressed against 
Ng/l indices. Generally, as presented by the developed equations the higher N post-
anthesis uptake corresponds to higher grain yield. 

1. All treatments:  GY = 0.030Ng/l + 6.108 for n = 12, R2 = 0.41 and P ≤ 0.05
2. The high K treatment:  GY = 0.024Ng/l + 6.631 for n = 6,  R2 = 0.59 and P ≤ 0.05

The second set of post-silking maize crop N economy indices refer to nitrogen 
translocation (Nt) and nitrogen translocation effi ciency (NtE). Both indices describe an 
importance of pre-anthesis N pool in covering N requirements for growing kernels. 
Amounts of translocated N varied from –2 to 21 kg N ha-1, constituting from -2 to 
+33% percentage of the whole N pool remobilize in the vegetative period of maize 
growth. This N pool did not show any signifi cant impact on grain yield. However, it 
was signifi cantly related to the whole vegetative N pool at anthesis (Nant):

 Nt = 0.955Nant – 105.6 for n = 12, R2 = 0.69 and P ≤ 0.001

The presented formula clearly indicates that the higher content of N in vegetative 
parts of maize plant at anthesis, the larger its pool is easily hydrolyzed and translocated 
to developing kernels. It has been documented in literature that stay-green varieties 
take up soil nitrogen due to transporting after fl owering suffi ciently high amounts of 
carbohydrates to roots. This specifi c physiological trait is a prerequisite of low rate 
of N remobilize from leaves during maize senescence [Melchiori, Caviglia 2008; 
Rajcan, Tollenaar 1999b]. 

Nitrogen harvest index, NHI, simply describes the distribution of total nitrogen 
accumulated by maize plant among grain and its vegetative organs. This index over 
the period of the conducted was highly conservative, showing signifi cant response 
to the studied experimental factors, but not to seasonal weather variability (Fig. 7). 
The lowest values of NHI are attributed to the HK+ main plot and the highest to the 
MK+ plot. Patterns of N rate effect on NHI were dependent on the K management 
system. The most conspicuous for fi nal effect, i.e., grain yield development, were two 
treatments, MK+ and HK-, indicating in the fi rst case a specifi c effect of optimum 
N rate and in the second, need for N maximization. Plants grown under conditions 
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of long-term lack of K application and/or  over supplied with fertilizer K responded 
negatively to increasing N rates. It is  indicated by very low values of the NHI. The 
analysis of NHI impact on fi nal grain yield (GY) is presented below:

1. All treatments:  GY = 22.95NHI – 2.824 for n = 12, R2 = 0.45 and P ≤ 0.01
2. MK treatments   GY = 26.09NHI – 4.630 for n = 6, R2 = 0.57 and P ≤ 0.05

The negative impact of HK+ treatment on NHI and in turn on fi nal yield of 
grain can be explained by the theory developed by Rajcan and Tollenaar (1999a and 
1999b). According to their hypotheses, an excess of nitrogen leading to enormous 
development of leaves, considered as a physiological sink in relation to size of a 
cob (sink), increases senescence rate of maize plant due to excessive accumulation 
of non-structural carbohydrates, in turn inhibiting a leaf photosynthesis. It has been 
confi rmed in the own study. 
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Unit nitrogen uptake, UNU, describes N accumulation by the unit grain yield 
and concomitant amount of nitrogen in vegetative aboveground biomass. This index 
responded signifi cantly to all treatments, but not to seasonal weather variability (Fig. 
8). For two of four treatments UNU indices increased in accordance to increasing N 
rates. In one case, the HK- plots no signifi cant response to N rate was found. In the 
second, case, MK+, the lowest UNU value was attributed to the 140 kg N ha-1 plot, 

Table 3. Synthetic indices of nitrogen economy of maize crop during reproductive 
period of growth

Soil K 
fertility,

K 
fertilizing 

mode,

Ng/l
A, kg ha-1 Nt, kg ha-1 NtE, %

100B 140 180 100 140 180 100 140 180

M
K- 109.5 131.2 128.9 38.67 15.27 8.37 28.8 11.7 6.4

K+ 121.7 147.7 111.7 8.70 15.40 18.17 7.7 12.2 14.7

D
K- 126.9 117.3 160.7 -2.60 20.9 2.54 -2.4 14.4 2.0

K+ 114.7 112.6 84.4 6.43 20.21 51.42 5.7 14.6 32.9
ANg/l – nitrogen gain or lost, Nt – nitrogen translocation, NtE – nitrogen translocation effi ciency, Bnitrogen 

fertilizer rates, kg N ha-1
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resulting in the highest yield of grain. Therefore, the clear answer on the effect of 
UNU on grain yield (GY) has been obtained for treatments on the medium K fertile 
plots, only: 

GY = -0.381UNU + 19.77   for n = 6, R2 = 0.57 and P ≤ 0.05

The negative sign of the fi rst equation’s component informs that the highest grain 
yield was related to the lowest unit N accumulation. Therefore, it can be concluded 
that nitrogen management should be adjusted to soil K fertility level. This statement 
is corroborated by the below presented equations, evaluating the UNU effect on 
NHI:
1. All treatments:  NHI = 0.004UNU2 – 0.216UNU + 3.50  for R2 = 0.63; 
2. KM treatments: NHI = -0.013UNU + 0.91 for R2 = 0.85; n = 6 and P ≤ 0.001

The highest unit nitrogen uptake, the lowest NHI can be expected. Both equations 
stress on importance of nitrogen management in grain maize production as a factor 
signifi cantly affecting the procedure of potassium fertilizing system. 

Conclusions

1. The amounts of nitrogen accumulated in leaves and juvenile cobs at anthesis are 
highly sensitive to supply of nitrogen and external factors governing N uptake by a 
maize canopy. Therefore, it is a good predictor of fi nal yield of grain.

2. Nitrogen accumulated by a maize canopy at maturity can signifi cantly refl ect grain 
yield providing that N fertilizer rates are adjusted to current soil potassium fertility 
level.

3. Long term lack of current K fertilizer application or its excessive supply lead to 
imbalance nitrogen accumulation in plant parts, in turn disturbing source/sink ratio 
and the grain yield decrease. 
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Abstract 

The purpose of the study was to determine the effect of weather conditions under 
different nitrogen fertilization on spring barley (Hordeum sativum ssp. distichon L.) 
grain yield, yield components and quality. Moisture conditions were described by 
Sielianinow’s index, called also conventional moisture balance or water provision 
index. The base of the study was the trial carried at the Grabów Experimental Station 
of the Institute of Soil Science and Plant Cultivation – National Research Institute 
in Puławy, Poland over the years 2005-2007.  The results proved close relationships 
between the schedule of moisture balance during the vegetation period and grain 
yield and protein content. Profi table moisture conditions support the nitrogen effect 
and proper development of the components infl uencing fi nal yield. Grain yield was 
determined by different components depending on the moisture conditions during 
the vegetation period. The highest grain yields in 2005 (4.4 t·ha-1) was possible 
due to moisture conditions, which enabled the highest number of grains per spike 
and weight of 1000 grains. Grain yield in 2007 (4.1 t·ha-1) was decided by the high 
number of spikes per area unit. The smallest yield in 2006 (3.5 t·ha-1) resulted from 
dry conditions, which reduced number of spikes per area unit and weight of 1000 
grains. In the wet 2005 year nitrogen effi ciency calculated for one kg N ·ha-1 was the 
highest and equaled to 26.6 kg grain, in 2007 year to   18.2 kg grain and in the dry 
2006 year, of the poor barley productivity to 17.8 kg grain only. The optimal nitrogen 
rates, calculated as a rate securing 95% of maximal grain yield were 105, 55 and 82 
kg N· ha-1 in 2005, 2006 and 2007, respectively. 

Key words: spring barley, moisture conditions pattern, nitrogen effi ciency, grain 
yield, yield components, grain quality
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Introduction

Plant productivity is a resultant of an effect of yield promoting and yield protecting 
factors. The fi rst group of factors determines the process of yield formation, including 
dry matter accumulation (plant growth) and differentiation of generative organs 
(plant development). The other group of factors protects the previously created yield 
against its reduction. Both groups of factors are infl uenced by weather conditions. 
In the previous paper (Pecio & Bichoński 2009) the effect of yield protecting factors 
and partly their interaction with weather conditions were discussed. In this paper 
special attention was focused on the effect of weather conditions and yield promoting 
factors under the most effective plant protection strategy against diseases.

Grain yield consists of three components: number of spikes per area unit, number 
of grains per spike and weight of 1000 grains. They are determined at different plant 
development stages and its values, genetically grounded are  modifi ed by course of 
weather conditions in vegetation period and availability of nutrients, mainly nitrogen. 
(Spiertz, 1983; Mazurek, 1999; Noworolnik, 2003; Wyszyński et al., 2007). Yield 
components are negatively correlated with each other and phenomena of mutual 
competition and compensation are known (Mazurek, 1999; Wyszyński 2007). 

Number of spikes per area unit is affected mainly by agronomical measures, 
including sowing time density, and nitrogen fertilization. Number of grains per spike 
is modifi ed genetically and by environmental factors. It is related to the number 
of fl orets, which similarly to the other generative organs, i.e. spikelets is initiated 
at early plant development stages. Insuffi cient water availability and nutrients or 
poor photosynthesis effi ciency during tillering and stem elongation can decrease the 
number of fertile fl orets and as a result the number of grains per spike (Conry i 
Keane 1994; Ferrante et al. 2007). Weight of 1000 grains is related to physiological 
functionality of genotype and length of photosynthesis period (Bertholdsson 1999; 
Przulj i Momcilovic 2001a).

Grain protein content is a genetic property which is modifi ed by environmental 
conditions and agronomical measures (Przulj i Momcilovic, 2001b; Peterson i 
Eckersten, 2007). According to Bertholdsson (1999) its variability is determined by 
a genotype in 7% only and in almost 90% by weather, nitrogen supply and soil 
moisture conditions. The rest of variability results from interactions between those 
factors.

Nitrogen fertilization is one of the yields promoting factors. At early barley 
plant development stages nitrogen stimulates its tillering and therefore infl uences 
potential number of spikes per area unit and decides about number of spikelets per 
spike. At shooting stage nitrogen protects plant against excessive reduction of tillers 
and spikelets per spike and enables high number of grains per spike. At the period 
between booting stage and the beginning of anthesis (often before spike emergence) 
nitrogen stimulates effectiveness of assimilation organs and at grain maturity stages 
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– production of grain biomass and quality. Nitrogen availability for plants from the 
soil is modifi ed by weather conditions. The pattern of precipitation and temperature 
during the vegetation period affects barley plant growth and development, grain 
yield and protein content (Bertholdsson, 1999; Przulj and Momcilovic 2001a, b; 
Noworolnik, 2003).

Weather conditions during the vegetation period are usually described by the 
mean daily temperature and precipitation sum. The results of previous studies do not 
unequivocally indicate the parameter deciding upon grain yield and it quality (Chen 
i in. 1988; Conry and Keane 1994; Savin i Nicolas 1996). Sielianinow’s index called 
also conventional moisture balance or water provision index unifi es both parameters 
(Radomski, 1977).

The agricultural environment in Poland shows increasing water defi cit in the 
soils. The knowledge concerning barley growth and development under water 
shortage conditions is necessary for breeders interested in barley cultivars resistant 
to water defi cit. The purpose of this study was the analysis of the effect of moisture 
conditions during the vegetation period on barley productivity in relation to nitrogen 
fertilization.

Materials and methods 

The study is based on the fi eld experiment conducted at Grabów Experimental 
Station (51o21’ N, 21o39’ E) of the Institute of Soil Science and Plant Cultivation 
in Pulawy, Poland over the years 2005-2007. Spring barley cv. Antek (2005-2006) 
and Justina (2007) was cultivated in a two-factor experiment set up according to 
a split-plot design in four replicates. The details of the experiment were described 
in Pecio & Bichoński (2009). For the aim of this paper nitrogen fertilization rates: 
0, 30, 60, 90 i 120 kg N·ha-1 at BASF plant protection treatment were used as an 
experimental factor. Fertilization at 30 kg N·ha-1 rate (N1) was applied at tillering 
stage (BBCH 22-23) and higher rates were applied in two splits: 30 or 60 kg N·ha-1 
(N1) at tillering stage (BBCH 22-23) and additional 30 or 60 kg N·ha-1 (N2) at stem 
elongation (BBCH 31). 

The long-term experiment was located on a highly heterogeneous soil, which 
was classifi ed partly as Stagnic Livisol and partly as Pseudo Podzolic. Average soil 
acidity (pHKCl) equaled to 5.7. In cereal crop rotation barley was sown after winter 
wheat as a forecrop. After the harvest at full maturity stage (BBCH 91) barley grain 
yield per plot was determined. Yield components i.e. spike density (number of spikes 
per 1 m2), number of grains per spike and weight of 1000 grains (WTG) were assessed 
in the plant samples taken from the 1 m2 area in the middle of each plot. Grain crude 
protein content was determined in a chemistry lab according to NIR method using 
Inframatic 9100 instrument of Perten Inc. on 300 g samples taken from each plot. 
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Protein yield was calculated as a ratio of the grain yield to the concentration in 
grain dry matter. All data were statistically processed using analysis of variance by 
means of Statgraphics Centurion v. XV statistical package. The signifi cance of the 
differences between averages were estimated by Tukey’s test at α=0.05 confi dence 
level.

Weather data originated from the Grabów meteorological station located close 
to the experimental fi eld. The data were used for calculations of Sielianow’s index 
(K), which defi nes proportion of precipitation sum (P) and sum of mean daily 
temperatures (t) during a period: K=10P/∑t and it is useful for assessments of agro 
climatic drought duration and intensity (Radomski, 1977). The value K<1 means, 
that plants use more water than is supplied with precipitation, K<0.5 means, that 
water supply is 2 times exceeded by evaporation. The index allowed describing the 
effect of moisture conditions at the periods between barley development stages on 
grain yield, its components and quality.

RESULTS

Sielianinow’s index

Weather conditions during the vegetation period (April-July) were contrasted 
between study years (tab.1). Year 2005 was characterized by the smallest mean daily 
temperature (14.6 oC) and the highest precipitation sum (273 mm). Year 2006 alike 
to 2007 was characterized by higher in comparison to 2005 mean daily temperature 
(15.6 oC and 15.6 oC, respectively) and the smallest precipitation sum (132 mm and 
263 mm).

Table 1. Weather conditions during vegetation periods in 2005-2007

Month

Mean daily temperature (oC) Precipitation sum (mm)

2005 2006 2007
Multi-
year 
mean

2005 2006 2007
Multi-
year 
mean

April 8.6 9.0 8.7 7.5 10.2 30.1 13.3 42

May 13.5 13.6 15.2 12.4 84.0 53.4 74.6 53

June 16.1 17.4 18.7 16.7 46.3 38.3 99.9 110

July 20.0 22.4 19.2 17.8 132.8 10.0 75.5 105
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Moisture balance described by Sielianinow’s index (K) showed moisture 
defi ciency in all study years only in the period between sowings and plant emergence 
(Fig. 1). In the consecutive years it equaled to K=0.2, K=0.5 i K=0.8. 
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Moisture balance in 2005 was profi table. The Sielaninov’s index was above 
1 during 73 days between plant emergence and stem elongation (K=3.0 and K=1.5), 
booting and heading stages (K=2.8) and at grain maturity stages (K=1.9, K=1.4). The 
periods of drought occurred between stem elongation and booting stages (K=0.3) 
and between heading and milky maturity stage (K=0.04). 

The year 2006 was generally dry. During 92 days of barley vegetation drought 
lasted 66 days in the period from sowings to stem elongation stage (K=0.5, K=0.4), 
through the period from the booting to heading stage (K=0.01) and at grain maturity 
stages (from milky to full maturity stage: K=0.0, K=0.3). At the period from heading 
to milky maturity stage moisture balance increased up to K=0.9.

Vegetation period of 2007 was wet. During 55 days of the period from tillering 
stage to waxy maturity of grain Sielianow’s index ranged from K=1.3 to K=2.9. In 
the rest of the time, i.e. at the beginning of the vegetation period (from sowings to 
tillering stage) and at it end (from waxy to full maturity stage) moisture balance was 
smaller and ranged from K=0.8 to K=0.9.  

Grain yield 

Weather conditions and their schedule during vegetation period as well as 
nitrogen rates signifi cantly affected barley grain yield, yield components and quality 
(tab. 2).

Fig. 1. Sielianinow’s index between full stages of spring barley vegetation 
in 2005-2007
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 Table 2. Grain yield and yield components of spring barley

Factor

Grain 
yield 

kg·ha-1

Number 
of spikes 
per m2

Number 
of grains
per spike

Weight 
of 1000 
grains

Grain 
protein 
content 

%

Protein 
yield 

[kg ha-1]

Ye
ar

2005 4370 543 16.0 50.4 12.1 543

2006 3446 591 14.0 41.9 12.0 421

2007 4047 920 10.0 44.2 12.3 506

LSD 563.5 68.2 1.52 1.74 n.s.* 100.5

N
itr

og
en

 ra
te

[k
g·

ha
-1
]

0 2645 531 10.8 47.0 10.5 278

30 3534 688 12.1 46.0 10.5 375

60 4250 700 14.1 45.7 12.3 522

90 4642 727 14.8 45.0 13.2 608

120 4700 777 14.7 43.7 14.2 666

LSD 465.9 153.6 2.59 n.s. 0.93 63.8
* n.s. not signifi cant difference

The highest grain yield was noted in 2005 and then in 2007 and it was signifi cantly 
lower in 2006. Nitrogen rates up to 60 kg N ha-1 in all years signifi cantly increased 
grain yield. However there was a signifi cant interaction between year and nitrogen 
rate (fi g. 2). Comparing to the control the nitrogen fertilization achieved the highest 
effi ciency in 2005, the year of the highest barley productivity. In 2006 the nitrogen 
effi ciency appeared as the smallest. In wet 2005 and 2007 years nitrogen rates up to 
90 kg N ha-1 signifi cantly increased grain yield and in the other dry year only rates 
up to 60 kg N ha-1.  

N kg/ha

G
ra

in
 y

ie
ld

 (t
/h

a)

Year
2005
2006
2007

1,8

2,8

3,8

4,8

5,8

6,8

0 30 60 90 120

Fig. 2. Grain yield dependent on nitrogen rate in study years
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Yield components

Considering yield components the 2005 year was distinguished by the highest 
number of grains per spike and WTG, 2006 by the smallest WTG and 2007 by both 
the highest spike number per area unit and the smallest number of grains per spike 
(tab. 2). All barley yield components showed signifi cant interaction between study 
year and nitrogen fertilization rate ( Fig.3, 4, 5). 
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Fig. 4. Number of grains per spike dependent on nitrogen rate in study years



93
Productivity of fodder barley affected by nitrogen fertilization and weather 

In 2005 nitrogen rates up to 60 kg N ha-1 signifi cantly increased spike density 
and number of grains per spike comparing to the control treatment. WTG showed 
a decreasing tendency according to nitrogen rate increase up to 120 kg N ha-1.

In 2006 spike number per area unit increased according to nitrogen rate increase 
from 60 kg N ha-1, WTG decreased at the treatments from 90 kg N ha-1 and number 
of grains per spike signifi cantly increased at all nitrogen treatments.

In 2007 all nitrogen rates signifi cantly increased spike density, the rates increasing 
to 60 kg N ha-1 were effective for the number of grains and WTG signifi cantly 
decreased according to nitrogen rate increase up to 90 kg N ha-1.

Grain protein

Study years did not signifi cantly differ from the protein content in barley grain. In 
2005 and 2007 the rates of the nitrogen fertilization increase up to 120 kg N ha-1 and 
in 2006 up to 90 kg N ha-1 signifi cantly increased grain protein content (fi g. 6). 
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Fig. 6. Grain protein content dependent on nitrogen rate in study years
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Grain protein yield per area unit depended on both the study year and nitrogen 
rate. The highest protein yield was noted in 2005, i.e. the year of the high barley 
productivity and the best effi ciency of nitrogen fertilization, and the smallest in dry 
2006. The interactions between study year and nitrogen fertilization rate showed 
signifi cant increase of grain protein yield at all nitrogen treatments in 2005 and at 
the treatments with rates increasing up to 60 kg N ha-1 in 2006, and up to 90 kg N 
ha-1 in 2007 (fi g. 7). 

Discussion 

Barley grain yield, yield components and quality differed between study years 
and depended on the nitrogen fertilization level. The highest yield (4.4 t ha-1) was 
obtained in 2005, middle (4.1 t ha-1) in 2007 and the smallest one (3,5 t ha-1) in 2006. 
The productivity was strongly affected by weather conditions during vegetation 
period, which determined nitrogen availability and plant development. Cool and 
wet weather in 2005 was the most conducive for barley productivity. Warm and dry 
weather in 2006 was insuffi cient and warm and wet conditions in 2007 determined 
middle barley grain yield. Each year nitrogen rate increased barley grain yield and 
number of spikes per area unit and number of grains per spike. WTG decreased 
according to N rate increase. 

The phenomena that barley grain yields and its variability among the  years is 
a resultant of mutual relations between many factors, including weather conditions 
and nitrogen fertilization during the whole vegetation period is well known in the 
literature (Bidinger et al.; 1977, Mazurek, 1999; Przulj and Momcilovic; 2001a;b; 
Noworolnik, 2003). Moisture conditions modify plant growth and development 
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and nutrients uptake and translocation ability. They affect also the changes in plant 
assimilation area and photosynthesis rate, which determines the quantity of storage 
materials in grain and fi nal grain yield. Drought, which reduces photosynthesis rate 
at grain fi lling stage, forces the plant to utilize the reserves of storage materials from 
vegetative organs. Higher contribution in fi nal grain yield of dry matter stored before 
anthesis usually decreases barley grain yield (Bidinger et al., 1977).

Barley plant development depends on differentiation of fi nal yield components. 
They are determinate at different plant development stages. Moisture conditions and 
availability of nutrients, including nitrogen stimulates the proper plant development 
(Spiertz, 1983; Mazurek, 1999). Primordia of generative organs (spikes, spikelets 
and fl orets), which determine number of grains per spike are initiated at tillering 
stage. The primordia are developed at stem elongation. Their number can be reduced 
under poor moisture conditions, and nutrients supply at that time. At heading stage, 
when anthesis simultaneously takes place, suffi cient moisture supply enables proper 
progress of pollination and fertilization processes, and therefore initiation of grain 
primordia. Grain biomass is accumulated later during the grain fi lling i.e. maturity 
stages. At that time good moisture and light conditions increase effectiveness of 
photosynthesis, which is also related to plant assimilation area developed at previous 
stages. Number of spikes per area unit, i.e. number of productive stems, is determined 
by weather conditions during the whole vegetation period from the emergence 
through tillering, stem elongation and the stages of spike development.

Therefore, the weather conditions during the whole vegetation period exert the 
important effect on the level of barley grain yield. They infl uence also nitrogen 
availability, which in turn determines the development of plant and components of 
grain yield. The sum of precipitation in 2005 and 2007 and daily mean temperature 
in 2006 and 2007 were, however, similar but these years differ by the distribution of 
rainfall in the vegetation period. The 2005 year, comparing to 2007, was characterized 
by better moisture conditions in the periods from the plant emergence to tillering, 
from booting to heading stage and at the end of grain fi lling. The 2006 year, beyond 
the period from full tillering to booting stage, was generally dry or very dry. In 2007 
year the relatively best moisture conditions prevailed from sowings to the emergence 
but high moisture was recorded in the period between full tillering and booting and 
from heading to milky maturity stage. Such conditions explain the highest number 
of grains per spike and WTG in 2005 and the highest spike density in 2007. They 
caused also small spike density and the smallest WTG in 2006. 

Unfavorable weather conditions during barley vegetation disturbed initiation or 
proper development of a yield component and hence limited the fi nal yield. Therefore, 
the reason for grain yield decrease in 2007 relating to 2005 was the worse moisture 
conditions in the period from the emergence to tillering stage and at the fi nal phase of 
grain maturity stage. In 2006 against  2005, poor water conditions at the period from 
the emergence to tillering and stages of assimilation area development, grain fi lling 
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and maturity causes the grain yield reduction. Smaller grain yield in 2006 in relation 
to 2007 was decided mainly by water shortage from sowings to full tillering stage.

Moisture conditions infl uenced the effect of nitrogen fertilization and resulted 
in differentiation of the share of yield components in fi nal grain yield. Nitrogen 
fertilization scheme didn’t consider different strategies of nitrogen supply. The data 
presented on fi gures  2-5 supported  by cluster analysis make possible to distinguish 
three levels of nitrogen fertilization: control treatment (0 kg N ha-1), lower rates (30-
60 kg N ha-1) and higher rates (90-120 kg N ha-1) (tab. 3). 

Table 3. Barley grain yield and yield components in three clusters of nitrogen 
fertilization

Year Nitrogen 
rate

[kg·ha-1]

Grain 
yield 

[kg·ha-1]

Number of 
spikes per 

m2

Number of 
grains

per spike

Weight 
of 1000 
grains

Protein 
yield 

[kg·ha-1]

2005 0 2873 453 12.6 50.6 291

45 4232 539 15.7 50.4 485

105 5256 591 17.9 50.2 727

2006 0 2344 510 10.2 44.9 249

45 3490 576 14.5 41.9 394

105 3952 646 15.3 40.3 535

2007 0 2717 630 9.5 45.6 294

45 3954 965 9.0 45.3 466

105 4805 1020 11.1 42.4 651

The yield analysis performed according to the Rudnicki (2000) method reveals 
the yield components which decided upon barley yield differences between each pair 
of study years in three clusters of nitrogen fertilization (tab. 4). Higher grain yield 
in 2005 against 2006 years in the control treatment N0 resulted mainly from a higher 
number of grains per spike. Nitrogen fertilization increased the share of WTG in 
the difference between fi nal yield in these years. Better barley productivity in 2005 
comparing to 2007 resulted from a higher number of grains per spike independently 
on nitrogen supply. Higher yield in 2007 than in 2006 was determined by higher 
number of spikes per area unit.

 



97
Productivity of fodder barley affected by nitrogen fertilization and weather 

Table 4. Share (%) of yield components in the difference of grain yield between the 
pairs of study years 

Yield and yield 
components

Between years
2005 against 2006 2005 against 2007 2007 against 2006

Control treatment (0 kg N ha-1)

Grain yield (t ha-1) 0.53 0.15 0.38
Spikes per m2 -29.7 -57,3 119.8
Grains per spike 86.9 122.8 -26.3
Weight of 1000 grains 42.8 34.5 6.5

Lower N rates (30-60 kg N ha-1)

Grain yield (t ha-1) 0.74 0.28 0.46
Spikes per m2 -22.0 -20.9 115.0
Grains per spike 32.8 110.3 -23.9

Weight of 1000 grains 89.2 10.6 8.9

Higher N rates (90-120 kg N ha-1)

Grain yield (t ha-1) 1.31 0.45 0.86
Spikes per m2 -18.2 -25.3 118.7
Grains per spike 46.6 102.7 -25.9
Weight of 1000 grains 71.7 22.6 7.1

The highest nitrogen effi ciency was recorded in wet 2005 and the lowest in dry 
2006 years (tab. 5). The optimal nitrogen rates, calculated according to Barłóg et al. 
(2008) as rates securing 95% of maximal grain yield equaled to 105, 55 and 82 kg N 
ha-1 in 2005, 2006 and 2007 years , respectively. 

Table 5. Optimal nitrogen rate for 95% of maximal grain yield (N0.95) and the 
effi ciency of    1 kg N· ha-1

Year N0.95
(kg ha-1)

Effi ciency of 1 kg N for
Grain yield

kg grain 
·ha-1

Spikes
per 1 m2

Grains
per spike

Protein 
content %

Protein yield
kg protein · 

ha-1

2005 105.0 26.6 1.63 0.051 0.040 4.07
2006 54.7 17.8 1.29 0.063 0.024 3.18
2007 81.5 18.2 3.80 0.022 0.027 3.29

In 2005 nitrogen rates up to 60 kg N ha-1were effective for both spike density and 
number of grains per spike. In 2006 nitrogen rates up to 60 kg N ha-1 were effective 
for spike density and 30 kg N ha-1 rate for number of grains per spike. In 2007 all 
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rates were effective for spike density and rates up to 90 kg N ha-1 – for number of 
grains per spike. Structural effi ciency of 1 kg N ha-1 equaled to 1.63 spikes per 1 m2, 
0.051 grains per spike in 2005, 1.29 spikes and 0.063 grains per spike in 2006 and 
3.80 spikes and 0.022 grains per spike in 2007 (tab.5). 

The effi ciency of nitrogen rates depends on moisture conditions. In 2005 and 
2007 moisture conditions stimulated utilization of nitrogen fertilizers applied at both 
tillering (N1) and stem elongation (N2) and in 2006 only those applied at tillering. 
Nitrogen fertilization was ineffective for WTG in 2005. In 2006 and 2007 WTG 
decreased systematically along with increasing nitrogen rates up to 90 kg N ha-1. The 
own results do not entirely confi rm previous studies of Noworolnik (2003, 2008), 
which indicated spike density as the main component determining barley grain yield 
under conditions of increased nitrogen rates. According to Ferrante et al. (2008) 
most of the yield responses to water and nitrogen availability is related to differences 
in number of grains per m2. However, our studies proved a negative relation of WTG 
and nitrogen rate. It is also in agreement with the well known biological principles 
of competition and compensation, which indicate opposing responses of the number 
of grains per spike and WTG to changes in the number of spikes (Mazurek, 1999; 
Wyszyński et al. 2007).

The effect of weather conditions on protein content in barley grain yield was 
not statistically proved. However, grain protein content tended to be higher in 2005 
and lower in 2006 and 2007. Nevertheless, moisture balance signifi cantly affected 
protein yield per area unit, which is the resultant of grain yield and protein content. 
To the grain yield alike the highest protein yield was obtained in wet 2005 and 2007 
years and the smallest in dry 2006. Moisture schedule during the vegetation period, 
as in the other studies (Coles et al. 1991; Bertholdsson, 1999; Przulj and Momcilovic, 
2001 b; Noworolnik 2003) modifi ed nitrogen effect on grain protein content and 
yield. In wet 2005 and 2007 years all nitrogen rates increase grain protein content 
and in dry 2006 only rates up to 90 kg N· ha-1 were effective. In 2005 all nitrogen 
rates increased the yield of protein while in dry 2006  rates up to 60 kgN· ha-1 and 
in wet 2007 rates up to 90 kg N ha-1, only. The effi ciency of 1 kg N ha-1 in 2005 for 
protein content and yield was the highest and in 2006 was the smallest (tab.5).

The infl uence of moisture schedule during the vegetation period on protein content 
was widely discussed in the other paper by Pecio (2002). Coles et al. (1991 stated 
that water shortage before barley anthesis reduces nitrogen uptake and decreases 
potential grain yield. If after anthesis moisture conditions favor nitrogen uptake 
by plants, they accumulate more nitrogen per single grain and the protein content 
increases. Drought at the stage of grain fi lling limits the synthesis of carbohydrates 
and accumulation of dry matter in grain, hence  decreases grain yield and increases 
protein content. These combined effects explain why the protein grain content in dry 
2006 and wet 2007 years was similar. Moisture conditions in both years promoted 
nitrogen uptake before anthesis. In 2007 moisture conditions after anthesis were 
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good and stimulated nitrogen translocation to the smaller number of bigger grains 
(higher WTG) while drought in 2006 caused its translocation to the bigger number 
of small grains. 

Conclusions

1. The highest spring barley grain yield and nitrogen effi ciency was obtained in 
cool and wet 2005. The year was characterized by good moisture conditions at 
the periods from plant emergence to tillering, from booting to heading stage and 
at the end of grain fi lling and at maturity stages.

2. In the most favorable year for spring barley production grain yield was 
determined by productivity of singular spike effected by number of grains and 
WTG. In the year of poor barley productivity grain yield was stimulated by 
number of spikes per area unit. 

3. The difference between grain yield in the most favorable and insuffi cient 
years at the control resulted from higher number of grains per spike. Nitrogen 
fertilization increased the share of WTG.
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Abstract

The purpose of the study was to determine the role of nitrogen under different 
weather conditions in yield formation of winter triticale. The main emphasis was 
put on the effect of interaction between nitrogen rate and moisture conditions 
in the vegetation period on the development of the grain yield components. The 
base of the study was an experiment carried on in the years 2004-2007 at Grabów 
Experimental Station of the Institute of Soil Science and Plant Cultivation – National 
Research Institute in Pulawy, Poland. Moisture conditions were characterized by 
Sielianinow’s index, called also conventional moisture balance or water provision 
index. The results confi rmed close relationships between the moisture conditions in 
the vegetation period and grain yield. These conditions modify nitrogen availability 
for plants and its effect on development of the yield components, infl uencing fi nal 
grain yield. Grain yield, due to the differentiated pattern of moisture conditions 
between study years was determined by individual yield components. The highest 
grain yields in 2004 (9.1 t·ha-1) was possible due to profi table moisture conditions in 
the whole vegetation period and good development of all yield components. Positive 
effect of nitrogen fertilization depended on limitation of the competition between 
the yield components. Smaller productivity in 2005 (6.8 t·ha-1) resulted from worse 
moisture conditions, which reduced number of spikes per unit area and weight of 
thousand grains. The smallest yield (4.5 t·ha-1) in dry 2006 occurred pursuant to the 
low productivity of a spike due to the limited number of grains per spike. Increase of 
yield in 2007 comparing to 2006 resulted from higher weight of thousand grains and 
number of grains per spike. The highest nitrogen effi ciency, 50.3 kg grain·kg-1N was 
recorded in wet 2004, while the moisture defi cit in 2006 reduced nitrogen effi ciency 
to 19.8 kg grain·kg-1N. The optimal nitrogen rates, calculated as rates securing 95% of 
maximal grain yield amounted to 158 and 156 kg N·ha-1 in wet 2007 and 2004 years, 
respectively and to 83 kgN·ha-1in dry 2006. In the 2006 year, the lowest nitrogen 
rates (30 and 60 kg N·ha-1) proved to be effi cient only. 
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Introduction

Despite the fact, that triticale is recognized as a crop with relatively small water 
demands [Uprety and Sirohi 1987, Mazurek J. and Mazurek J. 1990, Okuyama 
1990, Jessop 1996] its grain yield depends on the mutual effect of soil and weather 
conditions[Bidinger et al. 1977; Blum 1998, Royo and Blanco 1998, Mazurek 1999; 
Przulj and Momcilovic 2001a, b,Gromowa and Polacek 1995, Díaz-Zorita et al. 
2001, Wilgosz et al. 2005 a, Wilgosz et al. 2005 b,]. Under optimal crop protection 
plant growth and development is related to soil nitrogen availability and indirectly to 
moisture conditions [Spiertz and De Vos 1983, Ghobadi et al. 2010]. Nitrogen is the 
most important yield promoting nutrient. It affects fi nal grain yield by the infl uence 
on the formation of yield components in the whole vegetation period.

The number of spikes per area unit, number of grains per spike and weight 
of thousand grains are the main yield components [Mazurek 1999, Rudnicki 2000, 
Ferrante et al., 2007]. Each component is initiated and developed at different plant 
vegetation stage in dependence on moisture conditions and nitrogen availability. 
Number of spikes per area unit is determined early at tillering stage when the 
number of spike-bearing stems and spikes are initiated.  Number of tillers and grain 
set is promoted by optimal nitrogen and water supply in this period, probably by 
enabling the plant to develop more fl orets per spikelet.  Development of spikes and 
fl orets primordia is continued at stem elongation stage. However full development 
of fl orets, which further could be pollinated and could form grains are restricted by 
internal competitions between plant organs. The promoting effect of nitrogen relies 
on smaller reduction of fl orets per spike during spike development. Limitations of 
moisture and nitrogen supply at tillering stage reduce the number of tillers and spike 
primordia development and hence result in a smaller number of grains per spike. 
Grain weight is decided after anthesis and is related mainly to a plant photosynthetic 
area and activity of stems and to the length of the assimilation period. Grain weight 
and total dry matter yield are increased under good supply of nitrogen and water 
[Ghobadi et al. 2010]. 

In this paper, the role of nitrogen in yield formation of winter triticale depending 
on moisture conditions will be discussed. The main emphasis is on the effect of 
interaction between nitrogen rate and moisture conditions in a vegetation period on 
the development of the grain yield components.
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Materials and methods

The study is based on the experiment carried on in the years 2004-2007 at the 
Grabów Experimental Station of the Institute of Soil Science and Plant Cultivation 
in Puławy, Poland. Winter triticale cv. Woltario (in the years 2004-2006) and Zorro 
(2007) was grown after cereals as a fore crop. Two-factorials experiment was set 
up according to split-plot design in four replicates. The fi rst factor was nitrogen 
fertilization in the rates 0, 30, 60, 90 and 120 kg N·ha-1 and the second one three 
systems of full plant protection proposed by Syngenta, DuPont and BASF companies, 
respectively. Lower nitrogen rates 30 and 60 kg N·ha-1 were applied at the beginning 
of spring vegetation at the triticale tillering stage and higher rates were split: 60 
kg N·ha-1 at tillering stage (DC 24) and 30 or 60 kg N·ha-1 at stem elongation (DC 
31-32). The systems of plant protection did not differentiate the yield of triticale 
grain and were used as the additional replications. The long-term experiment was 
located on a highly heterogeneous soil classifi ed as StagnicLivisol and as Pseudo 
Podzolic. Average soil reaction was slightly acid. During the vegetation period, the 
stages of triticale plant development were determined according to BBCH scale. 
After harvest at full maturity stage (BBCH 91) grain yield and yield components 
(number of spikes per m2, number of grains per spike and weight of thousand grains) 
were determined.

Weather data were recorded at the Grabów meteorological station located close 
to the experimental fi eld. The data were used for calculations of Sielianow’s index 
(K), which defi nes the proportion of the precipitation (P) to the sum of mean daily 
temperatures (t) in a given period of time, according to the formulae K=10P/∑t. This 
index is useful for assessments the drought duration and intensity [Radomski, 1977]. 
The K below 1 means, that plants use more water than is supplied with precipitation. 
The  index was used  to describe the effect of moisture conditions in the periods 
between triticale development stages on grain yield and its components.

The experimental results were statistically processed by analysis of variance using 
Statgraphics Centurion v.XV statistical package. The signifi cance of the differences 
between averages was estimated by Tukey test at α=0.05 confi dence level.

Results

Weather conditions

Weather conditions during vegetation periods of winter triticale differed 
considerably between study years (tab. 1). The vegetation season 2003/2004 
was characterized by the lowest mean daily temperature (6.8 OC) and the highest 
precipitation (602 mm),while the season 2004/2005 was warmer (7.7 OC) and drier 
(522 mm). In the following 2005/2006 vegetation season, the temperature was 
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similar to the fi rst year (6.7 OC) but the smallest precipitation sum (393 mm) was 
recorded. The 2006/2007 season was characterized by the highest temperature (9.5 
OC) and precipitation close to the second study season (533 mm).

Table 1. Weather conditions during vegetation periods of winter triticale

Vegetation season Mean daily temperature
(OC)

Precipitation sum
(mm)

2003/2004 6.8 602.0
2004/2005 7.7 522.4
2005/2006 6.7 393.0
2006/2007 9.5 532.9
Long term mean 5.4 583.0

The values of  Sielianinow’s index in the periods between plant development 
stages are presented in table 2. In the fi rst study season 2003/2004, except the pre-
winter period, the K values exceeded 1, what indicates wet conditions during the 
whole vegetation period. The second study year 2004/2005 was moderately wet but 
with dry periods at the stages DC 24-31, 52-61 and 77-85. The season 2005/2006 
was defi nitely dry and only the booting stage (K=2.8) and anthesis (K=0.9) were 
characterized by good moisture conditions. Last season 2006/2007 was characterized 
by dry autumn (K=0.0 and K=0.7) and variable moisture conditions during spring and 
summer. Water shortage (K values below 1) was noted at stem elongation, heading 
and milky maturity. The other stages were rather wet. 

Table 2. Distribution of Sielianinow’s index in the periods between vegetation stages 
of winter triticale

Period between Years of experiment 

vegetation stages DC 2003/2004 2004/2005 2005/2006 2006/2007
Sowings - emergence 00-11 0.4 1.0 0.0 0.0
Emergence - tillering 12-24 3.2 1.0 0.6 0.7
Spring tillering - stem 
elongation (1st node) 24-31 3.9 0.4 0.4 1.5

Stem elongation 1st node - 
stem elongation 2nd node 31-32 1.2 5.0 0.6 0.8

Stem elongation 2nd node-
heading 32-52 1.1 1.8 2.8 1.8

Heading - anthesis 52-61 1.9 0.0 0.4 0.7
Anthesis - milky maturity 61-77 1.4 1.1 0.9 3.3
Milky maturity - waxy 
maturity 77-85 1.3 0.0 0.0 0.9

Waxy maturity - full maturity 85-91 2.5 1.9 0.2 1.4
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Grain yield

Weather conditions in study years and nitrogen fertilization signifi cantly 
differentiated grain yield and yield components of winter triticale (tab.3). The 
highest productivity of triticale was noted in 2004 and the lowest in 2006. Nitrogen 
rates signifi cantly increased grain yield. 

Table 3.  Triticale grain yield and yield components dependent on year and 
nitrogen rate

Factors Grain yield
t ha-1

Spikes per 
m2

Weight of 
1000 grains

g

Grains per 
spike

Grain yield 
per spike

g

Ye
ar

2004 9.13 528 52.6 32.7 1.72

2005 6.75 454 37.3 34.3 1.49

2006 4.53 491 43.5 24.8 0.92

2007 4.84 392 47.5 26.0 1.23

LSD 1.147 59.4 1.90 2.90 0.176

N
itr

og
en

 ra
te

kg
 N

 h
a-1

0 4.17 349 44.7 26.7 1.20

30 5.47 421 45.3 28.6 1.31

60 6.51 490 45.6 28.7 1.32

90 7.42 523 45.5 31.0 1.42

120 7.99 549 45.1 32.2 1.46

LSD 0.242 24.2 n.s. 1.89 0.084
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Fig. 1. Winter triticale grain yield in relation to nitrogen rate in study years
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However, the signifi cant interaction between study years and nitrogen rates was 
found (fi g. 1). In 2004 and 2005 all nitrogen rates increased grain yields while in 
2006 and 2007 only the rates up to 90 kg N·ha-1 were effective.

Yield components

Yield components depended signifi cantly on weather conditions, nitrogen 
fertilization and interaction of both yield factors (tab. 3). The highest values of all 
yield components were recorded in 2004 years, which was also characterized by the 
best productivity of triticale. In 2006 in spite of the high number of spikes the yield 
of triticale was limited by the extremely low number of grains per spike and low 
weight of thousand grains. The main reason for yield limitation in 2007 was a very 
low number of spikes and of grains per spike. In 2005 years a rather low number of 
spikes in area unit and low weight of thousand grains was compensated by a very 
high number of grains per spike, which resulted in the high grain yield.  

The components of triticale yield differed signifi cantly in response to nitrogen 
fertilization depending on weather conditions (fi g. 2-5). Number of spikes in the 
years 2004-2006 increased in line with nitrogen rates up to 120 kg N·ha-1 and in 2007 
to the rate of 60 kg N·ha-1 only. Opposite to that the weight of thousand grains, except 
2007 years, showed decreasing trend with increasing nitrogen rates. The number of 
grains per spike, except 2006 years, showed positive reaction to nitrogen rates in 
the range 60 – 120 kg N·ha-1. It is worth noting that nitrogen rates higher than 60 kg 
N·ha-1were split in two parts. 

Fig. 2. Number of spikes per m2 in relation to nitrogen rate in study years
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Fig. 3. Number of grains per spike in relation to nitrogen rate in study years
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Fig. 5. Grain yield per spike in relation to nitrogen rate in study years

Discussion

The yields of grain and yield components of winter triticale differed signifi cantly 
between study years and were related to nitrogen fertilization level. The highest grain 
yield was achieved in 2004 (9.1 t ha-1), smaller in 2005 (6.8 t ha-1) and the smallest 
in both 2006 (4.5 t ha-1) and 2007 (4.8 t ha-1) years. These yield differences resulted 
from variations in the number of spikes per area unit and/or productivity of single 
spike, which in turn was infl uenced by weight of thousand grains and number of 
grains per spike. The best triticale productivity in 2004 years resulted from both 
the highest number of spikes per area unit and the highest productivity of a spike. 
High yield in 2005 was affected mainly by a high number of grains per spike. The 
yield difference against 2004 resulted from smaller spike density and the smallest 
weight of thousand grains. The lowest yield in 2006 occurred due to the very limited 
productivity of a spike followed in turn by the smallest number of grains per spike. 
The tendency for slightly higher yield in 2007 comparing to 2006 can be explained 
by higher productivity of a spike pursuant to higher weight of thousand grains and 
number of grains per spike.

The differences in triticale grain yield between the years resulted from weather 
conditions. It confi rms the previous studies of other authors [Hura et al. 2007, Topal 
et al. 2003, Gulmezoglu and Kinaci 2004, Wilgosz et al. 2005 a,b]. Natural drought 
stress does not occur to the same extent every year. Amount and distribution of 
precipitation are important factors determining yields of cereals.

The highest productivity occurred in a rather cool and wet 2003/2004 vegetation 
period and the smallest in very dry 2005/2006. The unfavorable year 2007 was, in 
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fact, as wet as quite good 2005 but much warmer. More thorough analysis based on 
Sielianinow’s indexes in the periods between plant development stages gives a better 
insight into infl uence of weather conditions on the triticale yield and yield components. 
Analysis of principal components showed that the variability of grain yield resulted 
in 85%, number of spikes per area unit in 75% and number of grains per spike in 
76% from changes of moisture conditions in three vegetation periods only. These 
are periods between emergence and tillering, beginning of spring vegetation and 
stem elongation (1st node) and between heading and anthesis. Variability of thousand 
grain weight was affected in 92% by moisture conditions at the same periods with 
the addition of the period from anthesis to the end of vegetation.

In the literature as the most sensitive to drought periods development stages, 
tillering, stem elongation, heading and those when number and weight of grains are 
determined are acknowledged  [Mazurek J. and Mazurek J. 1990, Koziara 1996, 
Samborski 2005, Ehdaie et al. 2006]. Ghobadi et al. [2010] showed a signifi cant 
effect of post-anthesis drought stress on biomass, grain and straw yields, the number 
of fertile spikes per m2, the number of grains per spike and weight of thousand grains. 
Post-anthesis drought stress decreased biological yield (33.3%), grain yield (36.0%), 
straw yield (32.1%), the number of fertile spikes per m2 (10.0%), the number of 
grains per spike (12.8%) and weight of thousand grains (12.6%). 

In the own study in the period from the emergence to tillering profi table 
moisture conditions was noted in autumns 2003 (K=3.2) and 2004 (K=1). This 
period in the other years was, however, rather dry (K<0.7). It is a period when the 
number of spike-bearing stems was determined. The period from beginning of spring 
vegetation to stems elongation (1st node) in 2004 and 2007 years was wet (K=3.9 and 
K=1.5 respectively), which restricted the reductions of spike and fl oret primordia. 
This period in 2005 and 2006 years was, however extremely dry (K=0,4). Profi table 
moisture conditions between heading and anthesis prevailed in 2004 years only 
(K=1.9).In 2007 defi cits of water in this period occurred and in 2006 and especially 
in 2005 strong drought was noted (K=0.4). The weather conditions in the period 
from anthesis to the end of vegetation are important due to processes of pollination 
and fertilization, which decide upon the number of grains per spike and grain fi lling. 
This enhances accumulation of dry matter and high weight of a grain. The most 
profi table water conditions in this period occurred in 2007 (0.9<K<3.3) and in 2004 
(1.3<K<2.5). Similar analysis concerning the infl uence of weather conditions on 
the plant yield and yield components were made by other authors (Mazurek, 1999; 
Spiertz, 1983).

In the study of Rodriguez-Pérez et al. [2007] the boot, apical differentiation, 
and anthesis were the most susceptible stages to drought stress, where the number of 
grains per plant affected signifi cantly grain yield. In terms of grain yield, the most 
susceptible stage was the boot stage with 72% decrease, caused by decreases in the 
number of grains per plant and weight of thousand grains of 52 and 44% respectively. 
According to the author, this effect can be attributed to the coincidence with the 
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gametogenesis when the pollen formation was affected causing a 50% yield loss. 
The pollen grain dehydratation made diffi cult the fertilization, decreasing in 39% 
the number of grains per plant. In the case of apical differentiation the yield decrease 
was 52%, associated to losses of 27% in the number of spikes and 33% in the number 
of grains per plant, caused by collapsing in the development of the spike. Drought 
during tillering caused a 41% decrease of plant biomass, which explains the decrease 
in availability of assimilates for grain fi lling, refl ected in the reduction of weight of 
thousand grains (36%), which implied a 45% loss in grain yield. In the milky stage, 
the decrease of yield (40%) was associated to losses in weight of thousand grains 
(27%). The soft grain stage showed the smallest yield reduction (19%), caused by 
a possible decrease of the assimilates  translocation and a premature senescence. 
Under fi eld conditions the effect of different stresses other than drought infl uence 
simultaneously the plant growth and development [Hura et al. 2007]. The fi nal yield 
is a synthetic indicator of the infl uence of many stress factors during the growth and 
development of plants.

Table 4. Triticale grain yield and yield components in clusters

Year clusters N dose
kg·ha-1

Grain 
yield

(t·ha-1)

Spikes 
per m2

Grains 
per spike

Weigt of 
thousand 

grains

Grain 
yield 
per 

spike 
(g)

2004
1 0 5.83 381.3 29.5 52.3 1.54
2 45 8.61 498.3 32.7 53.3 1.74
3 105 11.3 631.9 34.4 52.2 1.80

2005
1 0 4.75 340.0 32.7 43.3 1.41
2 45 6.41 448.9 32.5 44.3 1.44
3 105 8.08 516.2 36.9 42.9 1.58

2006
1 0 3.09 360.7 22.9 37.5 0.86
2 45 4.45 473.6 25.3 37.5 0.95
3 105 5.34 574.0 25.3 37.1 0.94

2007
1 0 3.04 313.2 21.8 45.6 0.99
2 45 4.49 401.4 24.3 47.1 1.14
3 105 6.1 422.4 29.9 49.0 1.46

Moisture conditions modifi ed the nitrogen availability for plants and the effect 
of fertilizers on fi nal grain yield and yield components. The  fi gures 1-5 show that  
moisture conditions in the good years 2004 and 2005 enabled effi ciency of nitrogen 
rates up to 120 kg N·ha-1 and in the worse years 2006 and 2007, rates up to 90 
kgN·ha-1. Cluster analysis performed for each year separately, revealed three clusters 
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of data, including yield and yield components (tab. 4). In the fi rst cluster data for 
control treatment, in the second for low nitrogen rates 30 and 60 kg N·ha-1 and in the 
third one date for high nitrogen rates 90 and 120 kg N·ha-1 were integrated.  

The highest effi ciency of nitrogen was recorded in the wet 2004 year, amounting 
to 50.3 kg grain·kg·N-1. Moisture defi cit in 2006 reduced nitrogen effi ciency to 19.8 
kg grain·kgN-1 (tab. 5). The optimal nitrogen rates, calculated as rates securing 95% 
of maximal grain yield were 156 kg N·ha-1 in 2004 and 83 kg N·ha-1 in 2006. In 
the dry 2006 year practically two the lowest nitrogen rates, 30 and 60 kg N·ha-1 
were effective only. The effi ciency of nitrogen can be measured in terms of yield 
components as well. Nitrogen effi ciency with respect to the spike number was the 
highest in 2004 years, while with respect to number of grains per spike in 2007 years 
(tab.5) . 

Table 5. Optimal nitrogen rate for 95% of maximal grain yield (N0.95) and the 
effi ciency of 1 kg N ha-1

Year N0.95
(kg N ha-1)

Effi ciency of 1 kg N·ha-1 for

grain yield
(kg grain·ha-1)

spikes per m2 grains per 
spike

2004 155.5 50.3 2.26 0.048

2005 132.6 29.8 1.66 0.038

2006 83.4 19.8 1.96 0.043

2007 157.6 27.3 1.35 0.079

Ghobadi et al. [2010] obtained the highest grain yield under well watered and 
post-anthesis drought stress treatments with application of 175 and 105 kg N·ha-

1, respectively. Number of fertile spikes per m2 and weight of thousand grains 
increased signifi cantly due to increasing N fertilizer rates up to 210 kg N·ha-1 under 
well watered and up to 105 kg N·ha-1 under post anthesis drought stress conditions. 

Rudnicki [2000] method was used for analyzing the relative share of the yield 
components in the yield differences between the years of the experiment (tab. 6).  
The share of these components was modifi ed by nitrogen fertilization. The highest 
differences in grain yield were noted between 2004 year (cool, wet) and 2007 year 
(hot, moist) as well as between 2004 year and 2006 year (cool, dry). These yield 
differences increased on behalf of 2004 years under the infl uence of increasing 
nitrogen rates. 
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Table 6. The share of yield components in the difference in grain yield of winter 
triticale between study years depending on nitrogen fertilizers rates 

Between years 2004
2005

2004
2006

2004
2007

2005
2006

2005
2007

2006
2007

Control treatment (0 kg N·ha-1)

Difference in grain 
yield (t·ha-1) 1.08 1.93 2.79 1.66 1.71 0.05

Share of fi eld components
Spikes per m2 45.4 6.0 29.0 -7.5 31.2 -7.5
Grains per spike -29.6 37.9 52.5 83.2 91.9 83.2
Weight of 1000 grains 84.3 56.2 18.5 24.3 -23.1 24.3

Total 100 100 100 100 100 100
Low  nitrogen rates (30-60 kg N·ha-1)

Difference in grain 
yield (t·ha-1) 2.20 4.16 4.12 1.96 1.92 0.04

Share of yield components
Spikes per m2 37.7 5.2 34.8 -24.1 44.0 224.7
Grains per spike 2.6 36.7 42.4 70.8 87.0 44.7
Weight of 1000 grains 59.7 58.1 22.8 53.3 -31.0 -169.5

Total 100 100 100 100 100 100

High nitrogen rates (90-120 kg N·ha-1)

Difference in grain 
yield (t·ha-1) 3.22 5.96 5.20 2.74 1.98 0,76

Share of yield components
Spikes per m2 68.6 17.2 56.4 -59.9 106.2 278.5
Grains per spike -35.7 40.2 28.9 103.7 109.4 -74.0
Weight of 1000 grains 67.1 42.5 14.6 56.2 -115.6 -104,6

Total 100 100 100 100 100 100

The differences of grain yield between 2004 year and 2006 year can be 
explained by higher shares of two yield components, number of grains in spike and 
weight of thousand grains. The corresponding differences of yield between 2004 
and 2007 were more uniformly distributed among all yield components. However, 
in a control treatment and for low nitrogen rates the share of a number of grains per 
spike prevailed, while for high nitrogen rates the prevalence was on behalf of the 
spike number per area unit (tab. 6). The yield differences between 2006 year and 
2007 are very small indeed. However, this difference on behalf of 2006 years reveals 
in control treatment and can be explained by high share of the number of grain in a 
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spike. In the treatments with low and high nitrogen rates the difference was on behalf 
of 2007 years and was interpreted in terms of a very high share of spike density.  

From the data in table 4 the conclusions can be drawn on the competition between 
yield components depending on nitrogen availability. In the wet 2004 year, all yield 
components showed high values which in case of spike density and number of grains 
per spike increased considerably under the infl uence of nitrogen rates. The weight 
of thousand grains remained on the same, high, level independently of nitrogen 
fertilization. It means that there was no competition between yield components in this 
year. Poorer moisture supply in 2005 and 2007 increased the competition between 
yield components. This competition was manifested by the increased number of 
grains per spike at the cost of thousand grain weights in 2005 and increase of grain 
weight at the cost of spike density in 2007. High spike density in a very dry 2006 
year is diffi cult to explain. 

The problem of the share of yield components in fi nal triticale grain yield raises 
the constant interest in the literature. Fotyma M. and Fotyma E.[1995], Mazurek 
[1999], Mądry[2000] and Rudnicki [2000] indicated the most important role of the 
spike number per area unit and the smallest contribution of thousand grain weight. 
However, spike density is the most variable yield component and is strongly modifi ed 
by environmental conditions and nitrogen fertilization while thousand grain weight 
seems to be a very stable yield component. The low contribution of thousand grain 
weight to fi nal grain yield is explained by strong competition between these and 
other yield components. In the study of Samborski [2005] the most important yield 
component proved to be the number of grains per spike. This, sometimes contradictory 
results of investigations on the contribution of yield components to grain yield, shows 
high diversity of the process. According to Mazurek[1999] and Samborski[2005]  
it refl ects complicated interactions between plants inside the canopy and between 
organs of the same plant. However stable response of some genotypes as concerns, 
the yield and its components might be useful for selection of breeding material and 
variety choice for specifi c conditions. 

Conclusions

1. Winter triticale grain yield and its components are dependent on pattern of 
weather conditions during the vegetation period.

2. Dependent on pattern of moisture conditions grain yield is determined by 
different yield components. The highest triticale productivity is possible due to 
profi table moisture conditions in the whole vegetation period, which enabled 
proper development of all yield components. Grain yield decrease under poor 
moisture conditions is caused by a component dependent on the time of limited 
moisture supply.
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3. The most sensitive to drought are the periods between emergence and full 
tillering, beginning of spring vegetation and stem elongation, heading and 
anthesis and post-anthesis time.

4. Moisture conditions modify nitrogen availability for plants and its effect on 
development of yield components, which infl uence fi nal grain yield. Under 
suffi cient moisture supply promoting effect of nitrogen fertilization relays on 
limitation of the competition between yield components. Shortage of moisture 
supply increases the competition between yield components.
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Abstract 

In the fi eld experiment carried on in the years 2004-2005 on sandy loam soil, 
response of maize to increasing rates of nitrogen 0, 100, 150 and 200 kg ha-1 and two 
rates of potassium 0, 160 kg K2O·ha-1 has been studied. Grain yield of maize as well as 
other plant parts depended signifi cantly on N rates but not on potassium fertilization. 
Optimum nitrogen rate calculated from 2ed order regression equation, securing 95 % 
of maximal yield (8,5 t grain ·ha-1) was 100 kg N·ha-1.  It was corroborated by several 
post harvest N indices, i.e. agronomical and physiological N effi ciency, N utilization 
coeffi cient and N harvest index. 
Key words: soil K fertility, maize, harvest index, post-harvest N indices, optimal N 

Introduction 

Two main factors, supply of water and nutrients during critical stages of maize 
plant development decide upon the fi nal yield of grain. The critical period for nitrogen 
supply extends from the stage of 5th leaf (BBCH 15) up to blister stage (BBCH 71) 
and for potassium from the beginning of stem elongation (BBCH 30), to blister stage 
[Grzebisz, 2008; Grzebisz et al., 2010; Subedi and Ma, 2005]. Potassium is a nutrient  
responsible for water management by plant. Soils in Poland are naturally poor in 
total and available potassium, which increases crop susceptibility to water shortage 
during critical stages of yield development. Hence, suffi cient supply of potassium 
to growing plants is one of the main factors controlling water economy of maize 
canopy [Bandurska et al., 2004; Cakmak, 2005]. 

Uptake of nitrogen by plants depends not only on its content in soil but also on 
physiological traits responsible for N transport from apoplast to plant cell. Potassium 
is considered as a decisive factor for the nitrate absorption during the elongation 
stage of plant growth [Marschner et al., 1996]. It could be therefore, assumed that the 
development of yield structural elements depend, to some extent, from interaction of 
potassium and nitrogen. 
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The objective of the study was to evaluate the effect of nitrogen and potassium 
fertilizers on nitrogen status of maize at harvest and its reliability for forecasting 
yield level and optimal N rate. 

Materials and methods

Three series of annual fi eld experiments were conducted in the years 2004-
2006 at the experimental station Brody (16°28’E, 52°44’N), belonging to Poznań 
University of Life Sciences. The soil was sandy loam underlined by light loam, 
classifi ed to the IIIa class, good wheat complex and medium agronomical category. 
Study on response of maize (variety Eurostar, FAO 240) to increasing N rates and 
potassium supply arranged as two-factorial split-block design, replicated four times, 
included following factors: 

1. Two potassium rates, 0 and  160 kg K2O·ha-1.
2. Four N rates, 0, 100, 150 and 200 kg N· ha-1. 
The preceding crop for maize was oil-seed rape and phosphorus rate was adjusted 

to the content of available P in the soil. Phosphorus and potassium fertilizers as 
well as 100 kg N·ha-1 were applied in the spring before seedbed preparation. The 
remaining amount of nitrogen was the top dressed at the stage of 3-5 maize leaves. 
Grain yield was assessed from an area of 11.2 m2 and adjusted to 14% moisture 
content. 

Assessment of dry matter and nitrogen yield and their partitioning among plant 
parts was conducted at maturity (BBCH 89). Plant samples were taken from an 
area of 4.0 m2 and divided into sub samples of leaves, stem, ear and grain Nitrogen 
concentration was determined by standard macro-Kjeldahl procedure. Finally, total 
and sub sample nitrogen accumulation per plot was recorded. 

The harvest index (HI) expressing relative partitioning of dry matter between 
grain and plant residues at maize physiological maturity was determined using the 
following formula: 

  HI = (GY/Bt) · 100%, %

Five parameters have been applied to describe post-harvest nitrogen economy of 
maize crop: i) nitrogen agronomical net effi ciency: 

AE = (GYNf – GYac)/DNf , kg · kg-1 N; 
ii) nitrogen fertilizer recovery:  R = [(NBtNf – NBtac)/DNf] · 100, %;

iii) nitrogen physiological effi ciency:
PhE = (GYNf – GYac)/ [(NBtNf – NBtac), kg · kg-1 N; 

iv) nitrogen harvest index:
NHI = NGY/ NBtN · 100, %
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v) unit nitrogen uptake: 
UNU = NBtN/GY, kg N t-1

where:
GY - grain yield, t · or kg · ha-1;
Bt - total biomass, t · ha-1;
NGY - nitrogen accumulated (uptake) in grain, kg · ha-1;
NBtN - nitrogen accumulated (uptake) in total biomass, kg · ha-1; 
D  - nitrogen rate, kg N·ha-1

ac - acronym of absolute control, 
Nf - acronym of treatments fertilized with respective N rates. 

Data were processed by variance analysis using Tukey test   (LSD at P = 0,05) 
to asses the signifi cance of differences. The simple regression model was applied to 
determine some relationships between the crop characteristics. 

Results and discussion 

General growth conditions 

Weather conditions during maize vegetation were year specifi c. The sum of 
precipitation (TP) from May to September amounted to 263 mm, 372 mm, and 272 
mm in the years 2004, 2005 and 2006 respectively.  However, during two critical 
months for maize yield formation, i.e. in June and July, total sums of precipitation 
(P) were as 118 166 and 17.6 mm in consecutive years of study. 

Table 1.  Agrochemical characteristics of soils under experiments in consecutive 
seasons  of the study

Years Soil layer pH
P2O5 K2O Mg

mg 1000g-1 soil

2004 0-30 5.50 216 198 53

30-60 5.61 249 205 55

2005 0-30 5.56 256 197 54

30-60 5.71 233 221 50

2006 0-30 5.44 213 226 60

30-60 5.51 207 228 75
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The content of available phosphorus in the whole soil profi le was very high 
(Table 1) and the content of available potassium varies from a medium in top soil in 
2004 and 2005 to high in 2006 years.  Content of available magnesium was generally 
in the medium class. Soil pH was at bottom range of the slightly acid class, i.e. 
tolerable for maize growth. It has been therefore, assumed that initial soil fertility and 
applied fertilizers  created favorable conditions for the growth and yield of maize. 

Yield of biomass and grain  

Yield of maize plant parts, at physiological crop maturity is presented in Table 2... 

Table 2. Biomass of maize parts at physiological maturity, t ha-1 DW

Experimental
factors

Level 
of 

factor

Plant part, część rośliny Harvest 
index

%

HI

Vegetative
Biomass 

VB

Grain

GR

Stem

ST

Leaves

LE

Cob 
covering 
leaves

CL

Cob 
core

CC

K rate
kg K2O ha-1

0 7.12 3.43 2.16 1.17 1.33 47 8.14

160 7.49 3.77 2.28 1.23 1.47 46 8.74

LSD, NIR0.05 n.s. n.s. n.s. n.s. n.s. n.s. n.s.

Nitrogen rate,
kg N ha-1

0 6.50 3.16 1.96 1.05 1.28 47 7.45

100 7.26 3.58 2.16 1.15 1.39 47 8.41

150 7.75 3.87 2.39 1.32 1.50 46 9.07

200 7.69 3.78 2.38 1.27 1.41 46 8.83

LSD, NIR0.05 0.41 0.46 0.18 n.s. 0.13 n.s. 0.71

Years 2004 7.66 4.45 2.07 1.00 1.34 46 8.96

2005 8.21 2.85 2.14 1.70 1.82 50 8.51

2006 6.03 3.49 2.44 0.88 1.03 44 7.85

The total biomass yield (Bt) depends signifi cantly on the sum of precipitation 
(P) in two critical months for yield development: 
       Bt = 0.02P + 13.7  for n = 3; R2 = 0.92 and P ≤ 0.01
Even more pronounced was the effect of precipitation (TP and P) on the grain yield 
(GY), described by the following equations:  
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         GY = 0.012TP + 3.68  for n = 3; R2 = 0.41 and P ≤ 0.1 
- insignifi cant

                        GY = 0.0149P + 5,80      for n = 3; R2 = 0.99 and P ≤ 0.001
The relation between yield and precipitation, particularly in critical months 

corroborates the critical window concept [Ritche and Alagarswamy, 2003; Uhart 
and Andrade, 1995]. 

Grain yield of maize showed a signifi cant response to increased nitrogen rate, but 
only up to 150 kg N ha-1. The best fi t for the experimental dates gave the polynomial 
regression model (Fig.1) described by the following equation: 

GY = -0,029N2 +12,9N +7449    R2 = 0,97
where:
GY - grain yield, kg ha-1;
N - N rates, kg ha-1. 
From this equation, the optimal nitrogen rate (101 kg N·ha-1) which secure the 95 % 
of maximal maize yield (round 8,5 t grain ·ha+1) has been calculated in line with the 
procedure presented  by Barłóg et al. (2008). .  

 

y = -0.029N2 + 12.9N + 7449
R2 = 0.97
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Fig. 1. Grain yields of maize as a function of nitrogen rates.
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Post-harvest assessment of nutrient management by maize canopy

Nitrogen concentration and accumulation in plant parts, at physiological maturity 
of maize may be recognized as post-harvest indicators of growth conditions during 
growing season. Average concentration of nitrogen in maize parts (Tab. 3) declined, 
in the following order: 

GR (17.4) > LE (13.9 > ST = CCL (8.4) > CC (5.7 g · kg-1 DW). 

Table 3. Nitrogen concentration in maize parts at physiological maturity, gN· kg-1 DW

Experimental
factors

 

Level of 
factor

Plant part

Grain

GR1

Stem

ST

Leaves

LE

Cob 
covering 
leaves
CCL

Cob 
core 

CC

K rate
kg K2O ha-1

0 17.1 8.4 12.6 8.1 5.4

160 17.7 8.4 13.2 8.5 6.1

LSD, NIR0.05 * n.s. n.s. n.s. 0.6

Nitrogen rate,
kg N ha-1

0 16.1 6.2 10.9 7.2 5.8

100 17.2 8.9 13.2 8.2 5.4

150 17.9 9.0 13.6 8.9 6.0

2000 18.3 9.7 13.9 9.1 5.6

LSD, NIR0.05 0.6 0.7 0.9 0.6 n.s.

Years
2004 17.4 7.3 12.2 7.4 5.5

2005 16.0 6.0 14.6 5.2 3.7

2006 18.7 11.9 15.0 12.4 8.0

* - effect of factor year-to-year variable 

The order of maize plant parts with respect to seasonal variability of nitrogen 
concentration (not shown) differed however slightly from those presented above, 
indirectly pointing at different sensitivity of these parts to weather conditions:

GR (7.8) < LE (10.9) < ST (36.9) ≈ CC (37.7) < CCL (44.3%).

Concentration of nitrogen in all maize plant parts increased in line with increasing 
rates of nitrogen fertilizers and was practically independent of potassium supply. 
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The sensitivity of plant parts  to applied N fertilizer rates decreased, in the following 
order: 

G (99) > CCL (97) > LE (92) ≈ ST (91%).
The lowest concentration of nitrogen and insensitivity of this index to increasing 
N rates was found in cob cork (CC), the most proximate vegetative maize part 
to kernels. It can be explained by physiological function of this maize part, as a 
temporary storage organ of easily remobilize nitrogen. This assumption is indirectly 
corroborated by signifi cant response of N concentration in this plant part to applied 
K rate, causing otherwise increase of N concentration. 
 Total amount of nitrogen accumulated by a maize canopy at physiological 
maturity amounted to 202 kg N ha-1 (Table 4). . 

Table 4. Nitrogen  accumulation in maize parts at physiological maturity, kg N· ha-1

Experimental
factors

Level of 
factor

Plant part, część rośliny  Total

Grain

GR1

Stem

ST

Leaves

LE

Cob 
covering 
leaves

CL

Cob 
core

CC

K rate
kg K2O ha-1

0 120 29.8 27.4 8.71 6.52 193

160 130 32.5 30.6 9.76 8.33 211

LSD, NIR0.05 8.3 n.s. n.s. n.s. 0.60 14.6

Nitrogen rate
kg N ha-1

0 102 19.1 21.4 6.53 6.87 156

100 123 33.7 28.8 8.71 6.96 201

150 137 35.4 32.6 10.7 8.27 225

2000 138 36.3 33.2 11.0 7.58 226

LSD, NIR0.05 7.0 * 2.95 1.87 1.00 9.8

Years
2004 135 33.6 25.3 7.33 7.30 207

2005 129 17.3 24.7 9.28 6.69 187

2006 113 42.5 3.7.1 11.1 8.28 212

* - effect of factor year-to-year variable

 The major amount of total nitrogen taken up by maize during the growing season 
was found in grain and the minor one in cob core, as presented by the following 
order:  
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GR (62.1) > ST (15.3) > LE (14.3) CCL (4.6) > CC (3.7%). 

However, concentration alike, this order was different when the response of maize 
plant parts to weather variability is considered: 

ST (41) > LE (24) > CCL (20) > CC (11) > GR (9) > BtN (6.6%) .

This order of maize plant parts refl ects importance of particular vegetative organ in 
temporally assimilates and N storages. This storage ability affects both grain yield 
developments as related to leaves photosynthetic activity and nitrogen concentration 
in grain during the grain fi lling period [Potarzycki, 2011]. 

Effect of increasing nitrogen rates on nitrogen accumulation was signifi cant for 
all maize parts. This dependence, except stems, was not year specifi c. Sensitivity the 
particular maize part, with respect of nitrogen accumulation to weather variability 
was generally low declining in the order:

ST (26) > CCL (22) > LE (19) > BtN (16) > G R(13) > CC (9%). 

The lowest amounts of N in stems were recorded in year 2005, characterized by 
the highest yields of grain and the highest in 2006 years when the grain yield was the 
lowest. The relation between the amounts of nitrogen, at maize maturity in stems and 
grain is presented on Fig. 2. 

 

GY = -0.05S + 10.3
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physiological maturity of maize. 
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In can be therefore concluded, that as  the lower is N accumulation in maize 
stem at physiological maturity, as the higher grain yield can be expected. Generally, 
stem is considered as an important source of assimilates to growing kernels under 
conditions of abiotic stresses, mainly induced by water shortage [Potarzycki, 2010; 
Rajcan and Tollenaar, 1999]. The presented trend underlines, however, an importance 
of maize stem as a temporary storage organ of easily remobilize nitrogen in maize 
plant during its post-anthesis period of growth, signifi cantly affecting fi nal yield of 
grain. 

Effect of potassium on nitrogen accumulation was dependent on plant part. 
Signifi cant response of nitrogen accumulation to applied fertilizer potassium was 
found in grain and particularly in cob cores only (Table 4). All other plant parts 
showed slight but positive trends to accumulate more nitrogen under potassium 
fertilization. 

Post-harvest indices of  maize nitrogen economy 

The post-harvest indices describing ex post nitrogen management by a maize 
canopy are presented in Table 5. These indices are shown below in ascending order 
according to coeffi cients of variation: 

PhE (44 %) > R (40%) > UNU (22%) > AE (17%) > HI (12%)

Table 5. Post-harvest indices of nitrogen management by maize canopy
 
Experimental
factors

Level of 
factor

AE R PhE NHI UNU
kg grain 
kg-1 Nf

% kg grain 
kg-1 Nf

% kg N 
1 t-1 grain

K rate
kg K2O ha-1

0 10.6 45.2 23.5 63 27.5
160 8.60 37.7 22.8 62 29.0

LSD, NIR0.05 n.s. n.s. n.s. n.s. n.s.
Nitrogen rate,

kg N ha-1

0 - - - 66 24.6
100 12.27 44.3 27.7 62 28.1
150 9.10 45.5 20.0 62 29.7
2000 7.58 34.6 21.9 61 30.6

LSD, NIR0.05 n.s. n.s. n.s. 2.4 1.35
Years 2004 6.97 38.1 18.3 65 27.0

2005 9.29 26.7 34.8 69 22.8
2006 9.77 59.6 16.4 54 35.0

AE  – agronomic effi ciency of fertilizer nitrogen – nitrogen recovery ,PhE – physiological 
effi ciency of fertilizer nitrogen NHI – nitrogen harvest index; UNU – unit nitrogen uptake
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The highest year-to-year variability showed physiological indices of N 
management, i.e. physiological effi ciency and nitrogen recovery. It indicates their 
high dependence on external factors affecting nitrogen uptake from fertilizers and 
consequently, N utilization by maize plants. Agronomic indices, unit nitrogen uptake 
and agronomical effi ciency of fertilizer nitrogen showed much lower variability. 
The lowest year-to-year variability was attributed to harvest index, which stresses 
upon two plant facts. The fi rst one is an inherent plant characteristic, i.e. dry matter 
partitioning among vegetative and reproductive organs. The second one underlines 
generally favorable growth conditions for maize during the study, in spite of water 
shortage in 2006. 

The nitrogen agronomic effi ciency was very low. The main reason was very 
high natural productivity of soils, as corroborated by high yields harvested on the 
control plot, which amounted on average to 7.5 t ha-1. The values of AE, in spite of 
year-to-year variability, did not respond to any of experimental factors. The same 
can be concluded with respect to nitrogen recovery, which average value was at the 
level 41%. Nitrogen harvest index, in spite of its conservatism, showed signifi cant 
declining response to increased rates of fertilizer nitrogen. Nitrogen unit uptake 
UNU, describing nitrogen accumulation by one ton of the grain plus the respective 
amount of other plant parts, showed a positive, signifi cant response to increasing N 
rates. The UNU value for control treatments is high, indicating on high supply of 
nitrogen from soil resources. It seems that under good supply of nutrients, including 
nitrogen, the so called crawling effect of increasing N rates presents a typical pattern 
of maize response to fertilizer nitrogen [Fotyma E., 1994; Kruczek, 1997]. Therefore, 
it can be concluded that maize cultivated on fertile soil as indicated by contents of 
available basic nutrients (P, K, Mg) can  produce high grain yield under relatively 
low N fertilizer rate, as shown in Fig. 1. 

Conclusions 

1. Grain yield of maize cultivated on potassium fertile soil does not respond 
signifi cantly to fresh applied fertilizer potassium.

2. Rates of fertilizer nitrogen applied to maize cultivated on potassium fertile soils 
can be signifi cantly reduced without damaging the grain  yield. 

3. Post-harvest indices of maize canopy are useful tool in assessing the N 
management by crop during vegetation season. 
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Abstract 

Grain yields of maize in Poland are much below yielding potentials of currently 
cultivated varieties. Main reasons of low yields and also their high year-to-year grain 
instability are poor soil fertility level and imbalanced fertilizing practices. In order 
to verify the formulated hypothesis, two soil agronomic complexes were used to 
test sensitivity of maize varieties to soil types: light and medium. Both tested soils 
presented the same current fertility level as, i.e. amounts of available nutrients (P, K, 
Mg). The basic set of two factorial experiment consisted of i) three varieties: 210, 240 
and 260 FAO number, ii) four fertilizing treatments with increasing inputs of cations:  
NP, NPK, NPKMg and NPKMgNa. Variable weather courses in 2005, 2006 and 
2007 years were another stressful factor for maize growth and yielding.  Grain yields 
of maize cropped on medium soil were both higher and showed lower year-to-year 
variability as compared to those harvested on light soil. Plants grown on naturally 
poor soil responded signifi cantly to fertilizers’ input in years with mild (2005), but not 
with deep-water stress (2006), which totally depressed plant growth and yield. Plants 
grown on rich soil could overcome even severe water stress, but only under well 
supply of nutrients. The studied fertilizing strategies affected grain yields through 
signifi cant impact on the kernel number per cob. This plant characteristic showed 
a linear relation with grain yield on light soil and curvilinear, for maize grown on 
medium one. The latter response pattern allows defi ning maximum achievable yield 
in this particular site.
Key words: maize, fertilizer input, yield, elements of yield structure

Introduction 

Maize grain production in Poland showed stagnation in the fi rst decade of the 
XXI century. In years 2000-2005 annual country production was at the level of 1.9 
million t ·y-1. However, in otherwise a very good period extending from 2007 to 2009 
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it decreased to about  1.75 t y-1 [GUS, 2000-2010]. There are two main reasons of 
this stagnation. The fi rst one refers to high fl uctuations in grain prices, signifi cantly 
affecting sown area. The second reason is deeply rooted in current farmer practices, 
i.e. generally low fertility of soils cropped with maize. This statement is corroborated 
by real yields achieved in practice. In unfavorable growing seasons, 2003 and 2006 
maize grain yields realized only 40% and in good years (2007, 2008) 60% of this 
crop potential, as assessed by COBORU [2010]. 

In Poland, under good weather course, maize can reach potential yields at 
the level of 13 t ha-1 [Grzebisz, 2008]. However, this plant is highly sensitive to 
external factors, such as temperature and water supply. The fi rst factor has been 
partly overcome by breeders, who over last decades developed varieties yielding 
suffi ciently well in temperate regions of the World, including Poland [Górski, 2004; 
Żarski et al., 2004]. At present, the physiological traits responsible for water control 
during maize vegetation are much more recognized, that the genetic ones [King et 
al., 2003; Tardieu, 2005].  

The most important period of yield development in maize plant extends since 
tasselling (BBCH51) up to blister stage of a kernel development (BBCH71), known 
as the critical window. In this particular period fi nal kernel number per plant KNP is 
fi xed. The critical set of factors refers to temperature, water and nitrogen management 
[D’Andrea et al., 2008; Otequi and Bonhomme, 1998; Subedi and Ma, 2005]. The 
term management refers not only to water and nitrogen supply but also to their use 
effi ciency. It is governed by supply of other nutrients, such as potassium, magnesium 
and sodium [Grzebisz, 2008]. The recent study conducted by Subedi and Ma [2009] 
in Canada revealed that shortage of potassium reduces grain of maize by 13%. In the 
Central-Eastern European countries during the last two decades supply of nitrogen 
has not been well balanced with potassium and phosphorus, in turn seriously limiting 
harvested yields of cereals [Grzebisz at al., 2010a]. 

The main objective of the conducted fi eld study was to evaluate productivity 
of three maize varieties, differing in FAO number to progressive input of nutrients 
(K, Mg, Na) under different growth conditions, imposed by soils differing in natural 
level of fertility and year-to-year weather variability.  

Materials and methods

Two fi eld experiments were simultaneously carried out at private farms located 
at Wieszczyczyn (52o02’N17o05’E) and Donatowo (52o02’N16o52’E) during  three 
consecutive years 2005, 2006, 2007. The soil at Wieszczyczyn originated from sandy 
loam underlined by loam is classifi ed according to Polish system as the IIIa class, 
good wheat complex and medium agronomical category (acronym M). The soil at 
Donatowo derived from loamy sand is classifi ed as the IVa class, good rye complex 
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and light agronomical category (acronym L). The established two-factorial split-
block experiment, replicated four times, included following factors: 

1. Three maize varieties, differing in FAO number: 210, 240 and 260;   
2. Four levels of fertilizing treatments: i) NP; ii) NPK (K = 150 kg K ha-1); iii) 

NPKMg (150 kg K + 16.3 kg Mg ha-1), iv) NPKMgNa (150 kg K + 16.3 kg 
Mg ha-1 + 13,5 kg Na ha-1). 

All basic fertilizers and the fi rst rate of nitrogen amounted to 80 kg N·ha-1 was 
applied in spring before seedbed preparation. The remaining nitrogen rate of 40 kg 
N ha-1 was top-dressed at the stage of 3-5 maize leaf.  Phosphorus was applied at a 
rate of 26.2 kg P ha-1 and other nutrients  in accordance with the experimental design. 
The area of each plot was 14 m2 (5 m · 2.8 m). 

The yield of grain was determined from an area of 7 m2 (two central rows of 5 
m length) at technological maturity of grains (ca 70% dry weight basis). Total grain 
yields were adjusted to 14% moisture content. The following components of yield 
structure were estimated: thousand kernels weight (TKW), number of rows on the 
cob (NR), number of kernels in the row (NKR), and kernel number in the cob (KNC). 
A sample of 20 cobs for each treatment was used for determination the components 
of yield structure.  

The data were subjected to conventional analysis of variance. The least 
signifi cant difference values (LSD at P = 0,05) were used to establish the signifi cance 
of  differences. The relationships between yield characteristics’ were assessed by  
simple regression models.  All calculations were conducted using computer programs 
STATISTICA 7. 

Results and discussion

General growth conditions 

The irregular distribution of precipitation throughout each of the growing 
seasons was the main reason of extremely high grain yield variability. It has been 
well documented in literature, that the period of maize growth, extending from two 
weeks before anthesis up to the beginning of the blister stage of kernel development, 
is the most sensitive to water supply [D’Andrea et al., 2008; Otequi and Bonhomme, 
1998]. In Poland, this period falls in July, but maize responds signifi cantly to water 
shortages also before its occurrence, i.e. in June [Grzebisz et al., 2010b]. In both 
experimental site total sum of precipitation in these two months, over the studied 
period, was highly variable. In 2006, the driest one, amount of rainfall in June and 
July was only  17.6 mm, while in the best 2007 reached 151.8 mm (Table 1). These 
external extremes were very useful to make an effective test of factors responsible 
for nutrients supply to maize: i) natural soil fertility level and ii) applied fertilizers, 
delivering increasing amounts of cations. 
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Table 1.  Distribution of precipitation during growing season of maize, mm

Year Months Total 
V-IXIV V VI VII VIII IX X

2005 19.2 86.2 39.8 126.5 81.6 37.5 6.4 371.6

2006 47.2 41.4 7.7 9.9 188.7 24.5 31.3 272.2

2007 4.8 149.8 55.6 96.2 90.9 48.8 21.3 441.3

The experiments have been established on two different soil complexes, 
showing similar contents of available potassium, phosphorus and magnesium (Table 
2). Content of potassium in both soils ranged from a medium to high, representing a 
suffi ciently good level  to fulfi ll requirements of high yielding crop. Initial amount of 
phosphorus was also favorable to maize growth. Content of available magnesium was 
medium, indicating a potential shortage of this nutrient, to cover maize requirements 
[Potarzycki, 2010]. Soil reaction was in a slightly acid range, but tolerated generally 
by maize. Therefore, a hypothesis was set that initial soil fertility level and amounts 
of currently applied nutrients were suffi cient for fulfi lling the yield potential of maize 
varieties, independently of soil type and weather course variability. 

Table 2. Soil agrochemical conditions in consecutive years, mg·kg-1 

Years

Soil agronomical class

Light Medium 

Nutrients, 

    pH

Nutrients

pH

P2O5 K2O Mg P2O5 K2O Mg

2005 185 172 56 5.91 196 198 60 6.00

2006 168 156 49 6.10 205 188 58 6.10

2007 151 127 37 6.50 198 207 61 5.90

Grain yield 

Grain yield of maize showed, independently of soil complex, year-to-year 
variability (Table 3). As indicated by coeffi cient of variation, yield instability was 
twice as high on light (46%) than on medium soil (20%).  In the dry 2006, maize 
productivity grown on light soil achieved only 33% of that grown on medium one. In 
spite of the same initial level of basic nutrient availability, yield differences explicitly 
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indicate on inherent soil potassium fertility as the decisive factor for development 
of maize production potential. Consequently, using these data sets one can evaluate 
the key factors affecting maize grain yield seasonal variability in Poland. Low yields 
harvested in agricultural practice in the years 2003, 2006, and in 2010 corroborate 
the main thesis. As showed by PFPN indices (Tab. 3) , unit productivity of applied 
nitrogen as affected by both water (years) and nutrient supply (soil complexes, 
fertilizing treatments), was much higher for maize cultivated on medium soil. 
These experimental outcomes, taking into account their deep impact on maize grain 
production, are poorly described in scientifi c literature [Subedi and Ma 2009, Barłóg 
and Frąckowiak-Pawlak, 2008].

Table 3. Statistical evaluation of main factors affecting grain yield and 1partial 
factor productivity of fertilizer nitrogen

Experimental 
factor

Level of factor Grain yield, t ha-1
PFPN

1

kg grain kg-1 N

L M L M

Varieties 210 7.29 a1 10.5 c 60.8 a 87.4 c

240 6.93 a 9.73 b 57.7 a 81.1 b

260 7.05 a 8.73 a 58.7 a 72.7 a

F-values 2.54 50.1***2 2.54 50.1***

Fertilizing 
treatments

NP 6.49 a 8.27 a 54.0 a 69.0 a

NPK 7.05 b 9.61 b 58.0 b 80.1 b

NPKMg 7.46 b 10.1 b 62.2 b 83.9 b

NPKMgNa 7.35 b 10.6 c 61.2 b 88.5 c

F-values 10.6*** 48.9*** 10.6*** 48.9***

Years, 2005 8.85 b 10.3 b 73.8 b 85.6 b

2006 2.73 a 8.13 a 22.8 a 67.8 a

2007 9.69 c 10.5 b 80.8b 87.8 b

F-values 1061*** 112.6*** 1062*** 112.6***
1means with the same letter are not signifi cantly different at α=0,05 (Tukey test); 
2*, **, *** - levels of probability of  0.05; 0.01; 0.001.

The study showed also, that choice of maize variety, differing in the maturity 
class (FAO number), should be related to the natural soil fertility level. No 
signifi cant effect of maize variety on grain yields on light soil has been found. 
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Yield of maize, averaged over other experimental factors and years, was here at the 
level of 7 t ha-1. Quite different situation was reported for maize grown on medium 
soil. Yields of varieties decreased progressively with increasing FAO number. This 
phenomenon can be explained by assuming the water shortage escaping behavior of 
earlier varieties. Yield decline can be attributed to the response of main structural 
element development to water defi ciency in critical stages of plant growth. It can be 
concluded, that in regions of Poland experiencing frequent droughts, choice of maize 
variety should be orienting on those with  lower FAO number.    

The second objective of the study was to evaluate yielding effect of increased 
input of fertilizers containing cations, K+, Mg2+ and Na+. Effects of applied fertilizers 
on maize grain yield showed signifi cant dependence on soil agronomical complex 
and was modifi ed by the weather course. The results are shown in Figs 1 and 2, for 
light and medium soil, respectively.
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 Maize grown on light soil responded to added nutrients in all years, but yield 
increase due to added cations was year specifi c. In 2005 the highest yields were 
attributed to treatment with all cations, including sodium. This result can be compared 
to crop behavior in 2007, when no response to sodium was found. However, the total 
amount of precipitation during main vegetation in this year was by 70 mm higher than 

Fig. 1. Response of Grain yield of maize to increasing input of cations, light soil;            
means for each year separately with the same letter are not signifi cantly different at              

P  ≤ 0.05 (Tukey test)
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in 2005. Yields harvested in 2006 were extremely low.  The response of grain yield to 
applied cations, except sodium, was relatively very high, but not signifi cant.    
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Grain yields on medium soil were much higher as compared to those on light 
soil. This regularity stresses on an occurrence of the phenomenon, which could be 
termed as the soil induced yield depression, irrespective on the level of soil available 
nutrients’ content (Table 2 and 3). This soil specifi c structural yield gap was, however, 
year specifi c, showing progressive response to decreased supply of water.

Ygap = -0,028Pt + 12.7   for n = 3, R2 = 0.92 and P ≤ 0.01
where:
Ygap - yield gap, t ha-1, between light L and medium M soils , 
Pt = total sum of precipitation from May to September, mm.

In all years of study progressive addition of cations to medium soil resulted in 
the simultaneous grain yield increase. The most conspicuous effects were found in 
2006 and 2007, totally differing in the weather course. In the fi rst year, yield raised 
up following increasing amounts of applied cations. The top yield was reached  
under conditions created by balanced supply of potassium, magnesium and sodium. 

Fig. 2. Response of grain yield of maize to increasing input of cations, medium 
soil; means for each year separately with the same letter are not signifi cantly 

different at  P  ≤ 0.05 (Tukey test)
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The highest yield, equal to 10 t ha-1, exceeded that harvested on the NP treatment by 
63%. Such high effect of added nutrients was achieved due to higher use effi ciency 
of fertilizer nitrogen by maize plants fertilized with sodium.  Nitrogen productivity 
increased from 51 to 83 kg grain per kg of applied fertilizer nitrogen (Table 3). In 
2007, optimal for maize production, the highest grain yield was harvested on the plot 
fertilized with potassium and magnesium. 

The experimental data clearly underlines the thesis that under conditions of 
limited water supply, maize plants are highly sensitive to good supply of cations. The 
most controversial effects are attributed to sodium, which in not generally considered 
as an element important to maize [Grzebisz, 2009]. In the study, its production effect 
revealed two-times on light soil in the wet, 2005 and on medium soil in the extremely 
dry, 2006. In both cases added sodium  increased  nitrogen effi ciency by maize. In 
normal growth conditions maize did not show any response to sodium application. 
Therefore, impact of sodium on maize yielding physiology requires further studies. 

Elements of yield structure 
Maize yield development starts at the stage of 5th leaf, when a potential number of 

cobs and fl owers primordium within an ear is fi xed. However, current maize varieties 
are genetically orienting toward setting up one cob only. Therefore, main elements of 
maize yield structure are the kernel number per cob (KNC) and individual kernel weight, 
practically known as  thousand-kernels/grain weight (TKW/TGW). For scientifi c 
purposes a broader set of yield structural elements are taken into consideration. They 
are the number of rows (NR), number of kernels per row (NKR), kernel number per 
cob (KNC) and TGW. Among these characteristics, the NR is considered as the most 
conservative element of yield structure. It  shows as a rule the lowest response to 
external factors [Ritche and Alagarswamy,  2003]. Nevertheless, under serious abiotic 
stress, as occurred in 2006, this cob attribute, signifi cantly responded to water shortage. 
In this particular year number of rows decreased by four and two in plants grown on 
light and medium soil, respectively, as compared to other years. In the fi rst case, this 
reduction negatively affected grain yield  (GY).

GY = 1.53NR - 14.0 for n = 36, R2 = 0.88 and P ≤ 0.001

Number of kernels per row (NKR) refl ects growing conditions during the critical 
window of maize growth [D’Andrea et al., 2008]. In our study, this structural element 
showed the strongest response to weather variability. In 2006 maize plants grown on 
light soil set up only 56% of kernels per cob in comparison to that established on 
medium soil. In comparison to the previous year, 2005, the NKR decreased down 
to 45%. This phenomenon explicitly stresses on shortage of water and key nutrients 
supply during the main critical period of kernels set up [Otequi and Bonhomme, 
1998]. This thesis is fully corroborated by the NKR response to nutrient supply as 
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related both to soil complex and progressing cations input. There has been observed 
a signifi cant NKR increase to progressive cations input on medium soil but no 
response on light one (Table 4). 

The kernel number per cob (KNC) is a key indicator, frequently used to assess 
maize response to experimental factors and weather variability. General overview of 
this structural element response to all studied factors is very similar to that presented 
for NKR (Table 4). However, the main differences have been mainly related to the 
impact of soil complex. As presented in Fig 3 and 4 grain yield of maize cultivated 
on light soil was linearly dependent on KNC up to  about 500 kernels per cob  (Fig. 
3). Quite different pattern of dependence was found for maize grown on medium 
soil, where yield of maize raised up to the optimum KNC, achieving to 466. As a 
result, the harvested yield reached the maximum yield of ca 11 t ha-1. It was not 
achievable, in spite of linear relationships between these two characteristics, on light 
soil. Comparison of these two patterns explicitly indicates an importance of inherent 
soil fertility effect on fulfi lling grain yield potential of maize. This is the key attribute 
of production conducted under rain-fed agriculture.   

 

GY = 0.02KNC - 0.41
R2 = 0.94, n = 36; P < 0.001 
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Fig. 3. Yield of grain as a function of kernel number per cob, light soil
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Thousand grain weight (TGW) is a structural parameter of maize yield 
indirectly describing growing conditions during the period of maize ripening. The 
fi nal size of TGW generally refl ects a capability of a plant to produce and also to 
supply carbohydrates to growing kernels [Pommel et al., 2006]. In our study, this 
yield structural element showed a signifi cant response to all experimental factors, 
but the decisive for harvested yield was soil complex. Plants grown on medium soil 
achieved TGW by 17% higher as compared to that on light soil (Table 4). There has 
been found the signifi cant effect of this structural element on fi nal grain yield (GY) 
as presented by below set of equations.  

1) light:  GY = 0. 06TGW - 7.94 for n = 36, R2 = 0.47  and P < 0.001
2) medium:    GY = 0.026TGW + 2.09 for n = 36; R2 = 0.24  and P 0.01 

Slightly higher effect of TGW on grain yield as found for the light soil can be 
explained by the lower kernel number per cob due to decrease of growing kernel 
competition for carbohydrates [Rajcan and Tollenaar, 1999]. Effect of increasing 
inputs of cations on TGW was progressive, but the highest response was also 
attributed to the soil complex. Maize plants grown on light soil responded positively 
to potassium and magnesium input. Thousand grain weight of kernels produced by 
maize on medium soil showed a progressive and signifi cant response to the increased 

 

y = -0.000106KNC2 + 0.1025KNC - 13.8
R2 = 0.78
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amount of all added nutrients. Besides, the gap between both soil complexes became 
larger following increasing input of cations. 

Based on the presented data, it can be concluded that growing conditions during 
each stage of yield structural development by maize was signifi cantly affected by soil 
native fertility.  The growing conditions for fulfi lling the grain potential were much 
more favorable  on medium than on light soil.  This conclusion is corroborated by the 
signifi cantly higher set of kernels per cob, which indicates good growing conditions 
on naturally fertile soil during the critical window period of yield development. 
Moreover, heavier kernels produced by maize on medium soil indirectly confi rms  
much better growing conditions during ripening phase of plant growth than on the 
light soil. In modern maize varieties this effect is achievable provide that plants are 
well supplied with nitrogen during ripening phase of growth. It can be considered 
as a physiological background of extended assimilates production by leaves, in turn 
supply to growing maize kernels. 

Conclusions

1.  Natural soil fertility level is the decisive factor responsible for maize grain yield 
and its stability taking into account variable weather conditions.

2.   In regions experienced   frequent droughts the long term strategy of maize variety 
choice should be orienting on those maturing earlier, i.e. lower in FAO number. 

3.  Increasing inputs of K, Mg, Na fertilizers) can be considered as an operational 
factor diminishing water shortages on light and medium soils. 

4.  The key effect of  soil fertility and applied fertilizer containing cations on fi nal 
grain yield depends on their effect on the kernel number per a cob, which can be 
considered  as the main yield predictor.  
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