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Abstract

Optimal nutrition of cultivated plants at critical growth stages is of great importance for the
achievement of full crop yield potential. The aim of this study was to assess the maize yield re-
sponse and plant nutritional status at a critical stage of growth (BBCH 17) under the most
favourable and reduced fertilization with phosphorus and potassium. It was assumed that the
nutritional status of maize at BBCH 17 stage significantly influenced the plant growth and
yielding. The hypothesis was tested in a one-factorial trial, carried out on the maize variety
Veritis in 2007-2011, which was a part of a long-term study started in 2000 according to a ran-
domized complete block design. The factor tested comprised different phosphorus and potassium
doses applied at constant levels of nitrogen and magnesium fertilization. The yields of maize
significantly differed between the treatments and in relation to the control. In each year, maize
responded with a lower yield to the no-phosphorus treatment when compared to the no-potas-
sium treatment. Irrespective of the fertilization variants, the content of the nutrients tested
(except iron) was below the standard value. A significant relationship was shown between the
nutritional status of maize at the stage of 7 leaves unfolded (BBCH 17) and grain yield. The
coefficients of determination ranging from 59% to 94% showed that, irrespective of which treat-
ment was applied, the mineral nutrient content in maize leaves at BBCH 17 stage had the
strongest influence on the maize yield.
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INTRODUCTION

Many producers believe that maize is a crop with low nutritional re-
quirements, as a result of which the yields harvested are often much lower
than could be expected on fertile sites. A satisfying economic result can be
achieved only when maize cultivation relies on adequate agricultural tech-
niques that include plant nutrition management as well as the recognition of
a factor or a group of factors responsible for maize yielding. The right fertil-
ization practice plays a key role in enhancing yields of cultivated plants and
achieving a sustainable crop production increase (Huanc et. al. 2010).

Knowledge of the actual availability of nutrients in soil and their specific
uptake is crucial for preparing an adequate maize fertilization plan. The spe-
cific nutrient uptake index reflects the amount of grain yield in relation to a
given nutrient accumulated in the aerial biomass at the stage of crop maturity
(harvest) (Grzepisz, Gas 2007). Literature has thus far provided scarce infor-
mation on the content of soil nutrients that would allow one to determine fer-
tilization doses of phosphorus (P) and potassium (K) that ensure the maximum
maize yield. The currently available research results indicate that 50% - 80%
of P applied as fertilizer is absorbed by soil, and no information is available
regarding a P fertilizer dose which could ensure a sufficient supply of available
form of this nutrient without causing adverse effects on yields (SHENOY and
Karacunt 2005, VoGeLER et al. 2009). Another critical element in maize cultiva-
tion is potassium, whose soil deficiency has become a global problem (DOBER-
MANN et al. 1998, HEDLUND et al. 2003, MaLo et al. 2005, TaN et al. 2012). In
Europe, more than 25% of soils are low in available K (ROMHELD, KirRkBY 2010).
SMIL (1999) reported that potassium fertilizers, in contrast to phosphorus, are
applied at much lower doses, and less than 50% of the K removed by crops is
replenished. In Poland, it is alarming that the consumption of potassium fer-
tilizers has been dramatically declining, which in the near future can become
a significant limiting factor for the stability of yields of maize and other agri-
cultural plants. It is therefore urgent to monitor the soil K reserves in order to
make precise fertilizer recommendations (ZorB et al. 2014). The risk of yield
reduction can be minimized by a balanced mineral fertilization plan, including
all nutrients (OBORN et al. 2005). The effects of phosphorus and potassium on
agricultural yields arise mainly from the role these nutrients play in counter-
acting the impact of biotic and abiotic stresses. Plants fully supplied with P
and K are considerably less vulnerable to water stress, low temperatures and
pathogenic agents (Ma et al. 2006). Yield-forming actions of phosphorus and
potassium are dissimilar as these nutrients produce different effects on plant
growth during the plant growing season. However, both nutrients affect the
nitrogen management in high-yield agricultural crops (MARSCHNER 1996).

The aim of the present study was to assess the yield response of maize
and its nutritional status at a critical growth stage (BBCH 17) under the
conditions of lower than optimal phosphorus and potassium fertilization.
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MATERIAL AND METHODS

In 2007-2011, a single factor experiment was conducted on the maize
variety Veritis (FAO: 230-240) on a field lying in a village called Wieszczy-
czyna, near Srem (52°02' N 17°05’E). The trial belonged to a long-term study
carried out since 2000 and established in a randomized complete block de-
sign with four replications. The experimental factor comprised differentiated
mineral fertilization doses of phosphorus and potassium (Table 1). The ex-

Table 1
Design of field experiment
Treatment Description
Control (KA) no fertilizer application in 2007-2011
WPN no phosphorus fertilization; optimal fertilization with other nutrients
(nitrogen, potassium, magnesium)
WKN no potassium fertilization; optimal fertilization with other nutrients
(nitrogen, potassium, magnesium)
W25 25% of PK recommended dose as compared to optimally fertilized treatment;
optimal fertilization with N and Mg
50% of P recommended dose as compared to optimally fertilized treatment;
WP50 . . .
the rest of nutrients were applied at optimal doses
50% of K recommended dose as compared to optimally fertilized treatment;
WK50 . . .
the rest of nutrients applied at optimal dose
W100 100% of P and K recommended dose; treatment optimally balanced with
regard to nitrogen
100% of P and K recommended dose; phosphorus applied as partially
W100 P as PAPR) acidulated phosphate rock (PAPR)

periment was set up on lessive soil (soil quality class IIIb in the Polish soil
classification system) developed from shallow light clayey sands on glacial
tills. The soil properties are summarized in Table 2. Winter wheat was
grown as a preceding crop before maize during the experiment. Wheat straw

Table 2
Soil physical and chemical properties
P available | K available Sand Silt Clay
Year (mgPkg) | mgKkg) | o | (o | () |PHIMEC

2000 (establishment

of the long-term 85.0 145.0 84 10 6 6.55
experiment)

2007 51.2 113.1 84 10 6 4.90
2011 (after harvest) 43.2 97.4 84 10 6 4.60
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was removed from the field after harvest each year. Maize was seeded with
a seeding machine coupled with a seed drill (rows spaced at 0.75 m). All cul-
tivation and harvest practices were carried out in accordance with the agri-
cultural requirements for maize. An optimal fertilization dose (W100) was
determined by taking into account the soil nutrient availability, specific up-
take and expected yield in each year. Mineral fertilization doses applied in
the study are presented in Table 3. The phosphorus dose for the W100 treat-
Table 3

Mineral fertilization dose during the study, in 2007-2011 (kg ha™)

Nutrients (kg ha)

Years

N P K Mg
2007 120 35 100 16
2008 120 26 125 16
2009 150 26 133 16
2010 150 26 125 16
2011 150 26 125 16

ment (optimally balanced with reference to nitrogen) was 26 kg P ha! year!
(except for 2007: 35 kg P ha'), and potassium doses ranged from 100 kg K
ha! to 133 kg K ha'. P and K doses applied in the subsequent treatments
were reduced to 50% (W50) and 25% (W25) of treatment W100. Additionally,
there were control treatments: WKN and WPN, with constant doses of nitro-
gen and magnesium and no potassium or phosphorus added, respectively. P,
K and Mg fertilization was performed in line with the experimental design
after the harvest of the preceding crop plants. Potassium was applied as po-
tassium chloride (60% K,0), phosphorus (P,0,) — as single superphosphate,
and magnesium — as kieserite (27% MgO). The W100 variant included an
additional treatment with partially acidulated phosphate rock (W100-PAPR),
applied as an alternate source of phosphorus for single superphosphate.
Phosphate rock used in the study contained 10.2% of P and its acidification
was 50% (i.e. the amount of sulphuric acid used up during the technological
process run to obtain the product was 50% of the amount necessary for the
production of single superphosphate). Fertilization with nitrogen was carried
out twice (70% before maize seeding and 30% at the stage of 4 leaves unfold-
ed). In all the treatments analyzed, the plants for chemical analyses were
randomly collected (10 plants/treatment) at the stage of 7 leaves unfolded
(BBCH-17) and at the stage of technological maturity (BBCH 89). The yield
of maize grain (app. 70% dry weight) was determined at BBCH 89 stage over
an area of 24 m? (two 16-meter-long central rows). The total grain yield
value was adjusted to the 14% moisture content. The analysis of the content
of nutrients was carried out using the standard methods (N — Kjeldahl’s
method, P — calorimetrically, K and Ca — flame photometry, Mg, Zn, Cu, Mn,
Fe — atomic absorption spectroscopy AAS).
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Statistical tests

The results of the maize grain yield and plant nutrient content were te-
sted with two-way Anova. The factors analyzed were: the study year and the
dose of mineral fertilization with phosphorus and potassium. Multiple re-
gression analysis was applied for an evaluation of the cause and effect rela-
tionships between the parameters. The regression model was built based on
an algorithm used in backward stepwise regression with the bidirectional
elimination testing at each step for variables to be included or excluded. The
final model determined the variables with decisive effects on the maize
nutrient content and grain yield.

RESULTS AND DISCUSSION

Yield response

The analysis of variance of the maize grain yield achieved during the
experiment showed highly significant differences between the treatments
with phosphorus and potassium mineral fertilization (Figure 1). In each
year, a significant increase of yield was observed in all the treatments when
compared to the control. Significant differences were also observed between
the treatments tested, which means that the phosphorus and potassium dos-
es applied had significant effects on the maize yield quantity. The largest
yields (7.5-9.8 t ha!) were harvested in 2007 and 2008. In general, the effect
of mineral fertilization was indistinct and differed in the study years. The
treatments with no phosphorus (WPN) and potassium (WKN) deserve special
attention. The lack of fertilization with these nutrients resulted in a maize
yield decrease when compared to the treatment optimally balanced with re-
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Fig. 1. Effects of phosphorus and potassium fertilization on maize grain yield (t ha')
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gard to nitrogen (W100). The lack of P fertilization caused a decrease of
maize yield in all the years except in 2007. The highest yield decrease was
observed in 2011, i.e. 10 years of P and K fertilization absence. Yield reduc-
tion in WPN and WKN treatments was 21.5% and 9.0%, respectively, when
compared to W100 treatment. The relationship observed confirms the com-
mon view that maize has specific requirements with regard to phosphorus.
SueENoY and Karacupi (2005) believe that an insufficient amount of available
P can be responsible for a 10% -15% yield reduction compared to the maxi-
mum yield. Data reported in literature on phosphorus fertilization of various
agricultural plants tested in long-term studies indicate that yield reduction
due to the lack of P fertilization appears after a considerably long time inter-
val (JouaNy et al. 1996, STEPIEN, MERCIK 1999, Kunzova, HEjcMAN 2010). SHEN
et al. (2004) observed yield response in plants cultivated without P fertiliza-
tion after 11 years. Studies conducted by Gas (2012) on winter triticale
showed yield reduction after 10 years of P and K fertilization absence (5%
and 13%, respectively). P deficiency is a crucial factor in tropical regions and
in calcareous soils (HINSINGER 2001). Huanc et al. (2010) showed that unbal-
anced mineral fertilization increased maize yield in a short-term time inter-
val, although it affected negatively soil nutrient availability in a long-term
perspective. This regularity was confirmed in the present study when the
following consequences were observed after 10 years of soil cropping: a de-
crease of soil available nutrient contents (lower soil valuation class) as well
as a change of soil reaction from slightly acidic to acidic. As a general rule, a
decrease of soil pH value results in an increase of the exchangeable alumi-
num content in soil. It all negatively affects agricultural plants by inhibiting
the root system growth and decreasing the plant’s capability to uptake water
and mineral nutrients. On the whole, the value of soil reaction dropping be-
low the optimal value for a given nutrient has a negative effect on the crop
yield response. Meanwhile, intensive processes occur in soil that are associa-
ted with regression of available forms of phosphorus, and the content of base
cations decreases. Economic effects of redundant soil acidification are reflect-
ed in yield loss quantity, which is a product of many, often mutually depen-
dent processes (VAN BREEMEN et al. 1983, MARSCHNER 1991, Kipp, PROCTOR,
2001, GrzeBisz et al. 2006). Under the conditions of the present study, the
unbalanced mineral fertilization associated with acidic soil reaction and
the removal of preceding crop straw from the field resulted in a decreasing
trend for maize yield quantity, observed most distinctly in the last year. Simi-
lar maize response to analogous factors was reported by other authors (Xu at
al. 2003, ZHANG, XU 2005). The results of this study indicated that maize
showed differentiated response depending on the chemistry of the phospho-
rus fertilizer applied (Figure 1). In 2009 and 2010, considerable yield losses
were observed (16% and 30%, respectively) in the treatment with partially
acidulated phosphate rock when compared to the single superphosphate
treatment. The response to a fertilizer’s chemical structure indicates that
yield forming actions of the above fertilizers as P providers for maize cannot
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be viewed as identical. Studies by KanaBo, GILKES (1988) proved that no sig-
nificant yield response to phosphate rock (phosphorite) application should be
expected under the conditions of soils with high P sorption capacity coincid-
ing with low cation-exchange capacity (CEC), precipitation, organic matter
content and microbial activity. According to literature (VANLAUWE et al. 2000,
L1 et al. 2001, PypERs et al. 2007), positive effects of rock phosphate on maize
cultivation rely upon legume plants used in crop rotation, which act as acid-
ifiers of the rhizosphere.

Maize demonstrates a strong demand for potassium, necessitated by this
plant’s production of abundant biomass. Under the conditions of the present
study, maize yield response to differentiated K rates varied in the years. In
comparison with the treatment optimally balanced with regard to nitrogen,
yield increasing trend as a result of a K dose applied was observed only in
2007 (Figure 1). In the other years, and especially in 2011, opposite relation-
ships were found, irrespective of the amount of K applied. Maize yield re-
sponse to potassium fertilization was a result of maize cultivation in the soil
with low contents of available potassium. According to SzczEPANIAK (2004),
positive yield response of an agricultural plant to K fertilization can be ex-
pected under the conditions of low availability of soil potassium and water
stress during the plant growing season. MERBACH et al. (1999) showed that at
medium potassium availability in the soil, reduced K fertilization doses re-
sulted in a decrease of agricultural plants’ yields. A decreasing trend was the
strongest in root crops and the weakest — in cereals. On the other hand,
studies carried out by GaJ (2010a,b) in soils with medium K availability showed
no significant direct effects of differentiated K doses or long-term absence
of K fertilization on yields of wheat and winter rape.

The group of maize yield limiting factors also included mechanisms other
than P and K actions. First of all, water and temperature conditions during
the vegetation season should be implicated. Maize needs large quantities of
water, since it promptly produces much vegetative biomass, which results in
an almost twice as much yield as in other cereals. During the season, maize
water requirements change (first critical phase occurs at the stage of 7
leaves unfolded). Regarding the weather as a factor, the least favourable
conditions for maize yielding during the present study were observed in
2011. Considerable water deficiency associated with high temperatures in
April, May and June caused yield reduction (on average by 27%, irrespective
of the treatment applied) when compared to the other years. Rainfall mea-
sured in April, May and June 2011 (data obtained from the Institute of Me-
teorology and Water Management, Poznan) was only 19%, 29% and 75%,
respectively, of the long-term precipitation averages. One of the main tasks
of a farmer is to make the most of soil water (preventing surface runoff
through securing good water infiltration down to the soil profile) as well as
to enable cultivated plants to effectively manage water throughout their
growth. The latter relies upon proper plant nutrition with potassium.
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Nutrient content at the critical growth stage
The assessment of the maize nutritional status was carried out at the
stage of 7 leaves unfolded — BBCH 17 (Table 4), based on the limit values
Table 4

Effects of different phosphorus and potassium fertilization doses on nutrient content
in maize leaves (means of data from 2007-2011)

(g kg DM) (mg kg' DM)
Treatments
N P K Ca Mg Zn Cu Mn Fe

Control 31.00 | 2.026° | 27.000 | 2.923¢ | 1.880° | 18.98 | 4.733e% | 17.00° | 147.3¢
WPN 36.76¢ | 21110 | 28.22% | 2.919¢ | 1.785° | 22.90% | 4.797« | 30.26 | 138.9¢
WKN 37.59¢ | 2.454¢ | 31.08* | 2.775¢ | 1.655° | 25.89¢ | 5.192¢ | 31.58¢ | 139.2¢
W25 37.21¢ | 2.327% | 2848% | 2.621¢ | 1.620° | 23.49¢ | 4.456° | 25.05° | 144.8¢
WP50 37.57¢ | 2.114% | 2865 | 2.815¢ | 1.790° | 23.10% | 5231 | 30.20% | 143.3¢
WK50 38.72¢ | 2.310% | 26.90° | 2.862¢ | 2.435° | 24.00¢ | 4.356¢ | 28.43% | 153.3¢
W100 38.00¢ | 2.083% | 29.32% | 2.829¢ | 1.630° | 22.97¢ | 4.490% | 27.25% | 131.8¢
w100 P 37.08¢ | 2.276w | 20.41% | 2.860¢ | 1.690° | 22.45¢ | 4.406° | 29.52% | 154.2¢
as PAPR

* means with the same letter are not significantly different

and with the use of mean values obtained in all the years, 2007-2011 (ScHUL-
TE, KELLING 2000). The results showed that, notwithstanding the treatment
applied, the plants were malnourished with both macro- and microelements.
Iron was an exception because its content in maize plants was above the lo-
wer limit of the standard value. No significant differences were found in the
phosphorus and potassium content in maize leaves between the treatments
tested irrespective of the fertilization applied. Numerous literature data
(WoobpEND, GLass 1993, Yanc et al. 2004, Damon, RENGEL 2007) indicate that
genetic factors rather than a potassium dose applied as a fertilizer affect the
K content of plants. The differences in adsorption of K among different plant
species are attributed to variations in the root structure, such as root densi-
ty, rooting depth and root hair length (Nieves-CorDONES et al. 2014). Positive
correlations between K uptake efficiency and root hair length in K-depleted
soils have been reported for maize, and oilseed rape (Junck 2001).

In the present study, the differentiated P and K rates applied had no
significant effect on the content of nitrogen, calcium, magnesium and iron in
plants and affected only the concentrations of copper and manganese. The
content of calcium and magnesium in maize plants was particularly low. The
reasons behind Ca and Mg deficiency are complex as this may result from
both Ca and Mg shortage in soils as well as disturbed processes of nutrient
uptake and transport within the plant during its growth. Calcium and man-
ganese uptake 1s associated with the youngest root tissues, whose growth
can be hindered by toxic aluminum in soil (WHITE 2000). In the present stu-
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dy, the low content of Ca and Mg found in maize plants was due to the acidic
soil reaction (pH from 4.7-5.12) observed since 2006 (after wheat harvest and
the onset of a trial with maize cultivation) as well as the unfavourable we-
ather conditions during the study.

Regression analysis concerning dependencies between maize grain yield
and plant nutrient content at BBCH 17 stage observed in all the treatments
showed significant relationships for the majority of the nutrients, and these
were the most distinctly expressed for nitrogen, iron, zinc and manganese.
The relationships for the treatments described by regression models are pre-
sented in Table 5. In all the treatments, the contribution of nutrients to

Table 5
Regression models of maize grain yield as the function of leaf nutrient content
at BBCH 17 stage
Treatments Regression models /(p* — value) R?
y=0.757N + 3.367Ca — 0.111Zn + 0.003Fe + 2.273
Control (0.028) (0.175) (<0.01) (0.073) (0.053) 07904
WPN y=0.546N — 29.529P + 0.578K — 11.084Mg + 0.042Mn + 0.006Fe + 10.240 0.9004
(0.107) (<0.01) (0.075) (0.061) (0.028) (<0.01) (<0.01) :
WKN y=0.810N - 5.013P + 0.0588Zn — 0.460Cu + 0.038Mn + 0.010Fe + 7.285 0.9375
(<0.01) (<0.01) (<0.01) (<0.01) (0.043) (<0.01) (<0.01) :
w25 y=-1.660K — 2.995Ca + 0.583Zn + 0.193Mn + 0.005Fe + 4.881 0.5929
(0.213) (<0.01) (0.040) (0.107) (<0.01) (0.126) :
y=0.825N — 1.303K + 3.489Ca + 0.193Mn — 0.008Fe + 4.881
WP50 (0.213) (<0.01) (0.040) (0.107) (<0.01) (0.126) 0.8537
y=1.018N + 6.810Mg + 0.065Zn + 0.578Cu — 0.088Mn — 0.008Fe + 6.448
WK50 (<0.01) (0.064) (0.050) (0.061) (0.128) (<0.01) 0.8346
y=1.503N - 11.192P — 5.404Ca + 10.110Mg + 0.037Zn + 3.120
W100 (<0.01) (0.065) (0.056) (0.061) (0.128) (<0.01) 0.7815
W100 y=0.384N — 8.895P + 0.519K + 0.037Zn + 0.007Fe + 4.692 0.8957
(P as PAPR) (0.103) (0.015) (0.045) (0.167) (<0.01) (<0.01) '

* p — empirical level of significance

shaping maize yield was substantial, which was confirmed by high values of
the coefficients of determination ranging from 59% to 94%. The relationships
observed suggested that the role of nutrients in yield formation gained
importance in cases when the nutritional homeostasis was more severely
impaired.
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CONCLUSIONS

1. Under the conditions of the present study, differentiated rates of pho-
sphorus and potassium fertilization significantly influenced the formation of
maize grain yield. The action of the experimental factor was equivocal and
showed high variability in the study years.

2. Maize responded with a higher yield reduction to the absence of phos-
phorus fertilization when compared to that of potassium.

3. The assessment of maize nutritional status at the stage of 5 - 7 leaves
unfolded showed plant malnutrition with regard to all the mineral nutrients

tested, except for iron, whose content was above the lower limit of the stan-
dard.

4. A significant relationship was found between the maize nutritional
status at the stage of 5-7 leaves unfolded and grain yield. Regression analy-
sis showed that, irrespective of the treatment applied, maize yield was deter-
mined in the range of from 59% to 94% by the nutrient content at 7 leaves
unfolded.
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