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A MINERAL PROFILE OF GRAIN MAIZE AT PHYSIOLOGICAL  
MATURITY FERTILIZED WITH BIOGAS DIGESTATE SOLIDS 

PART I. MACRONUTRIENTS
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Abstract . Biogas digestate solids (BDS) obtained from agricultural biogas plant and used as organic ferti-
lizer, significantly affect dry matter and nutrient partitioning among parts of seed crop, increasing, in turn, 
the yield of grain . This hypothesis was verified through a series of field experiments with maize, conducted 
between 2014 and 2016 at Brody, Poland . A two-factorial experiment consisted of the DBS application 
method (broadcast and row) and its rate: 0; 0 .8, 1 .6, 3 .2 t∙ha-1 . The effect of BDS on the development of 
yield components was reflected in higher biomass of stems and corncobs, which then increased the number 
of rows (NR) and grains per row (NGR), respectively . The key nutritional factor, controlling the yielding 
potential of the maize cob (dry mater; number of grains per cob, NGC) was N concentration in the corncob . 
The BDS effect on maize grain yield was revealed through enhanced translocation of dry matter and nutri-
ents into grain in expense of vegetative maize parts, mainly stems (N, P, K), and leaves (N, Mg) . The BDS 
impact on potassium management by maize was most apparent in dry 2015, ameliorating the effect of wa-
ter stress . The applied BDS increased magnesium concentration in grain, thus raising its nutritional value . 
The row method of BDS application showed the advantage over the broadcast one, resulting in (i) the same 
amount of N taken up by maize, but applying half the amount of the fertilizer, (ii) increased grain harvest 
index and nutrient harvest indices, compared to the control treatment, fertilized only with nitrogen . 

Key words: biogas digestate solids, application method and rate, maize parts, dry matter, nutrients, par-
titioning 

INTRODUCTION 

The re-use of agricultural wastes is a common practice in crop production . There is a wide 
range of benefits, both for soil fertility and for the environment, taking into account a decreased 
requirement for mineral fertilizers . The increasing needs for energy, on the one hand, and lim-
ited reserves of non-renewable energy sources, on the other hand, are driving forces for alterna-
tive solutions . The anaerobic fermentation, although known for a very long time, only in the 
last 20 years has formed the basis for intensive growth of biogas plants . The main product is 
a mixture of methane (CH4) and carbon dioxide (CO2) . The liquid residue, termed as slurry or 
biogas digestate (BD), can be managed in different ways, depending on the used substrate . A 
slurry of biogas plants based on agricultural wastes (manure, slurry) or crops such as maize 
produced for silage, can be used in agriculture for crop plant fertilization [Łagocka et al . 2016, 
Makádi et al . 2012] . 

In the common opinion, frequently expressed in scientific papers, BD is rich in nutrients and 
other substances (enzymes, hormones) of potentially positive impact on plant growth . This is 
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true, however their concentration is extremely low due to an exceptionally low content of dry 
matter, which seldom exceeds 5% . The concentration of nutrients in biogas slurry is significantly 
dependant on the composition of used substrates and the type of digestion process . The effective 
agricultural management of digestate includes two alternative solutions . The direct management 
of raw slurry relies on its application on fields . There are two main disadvantages of this solution . 
The first one is a high cost of transportation, and the second one are reservoirs for slurry storage 
during winter months [Alburquerque et al . 2012, Möller and Müller 2012] . In Poland, this period 
extends from the 1st of December to the end of February [Dz . U . 2008] . The alternative solution 
is a separation of raw slurry into liquid and solid fractions . The first one can be reused as a source 
of water for a biogas plant . The obtained solids are much richer in those substances, which are 
not water soluble, i .e . phosphorus and organic nitrogen [Chiew et al . 2015] . 

The biogas digestate impact on plant growth and yield is frequently related to the content of 
nutrients and their availability to plants [Makádi et al . 2012] . It is necessary to take into account 
the fact, that during the anaerobic fermentation the easily degradable substances, like cellulose, 
undergo degradation . The remaining organic residues are less degradable, but behave like hu-
mus substances [Kolář et al . 2008] . The biogas digestate solids (BDS) can be used for plant fer-
tilization in the same way as solid manure is applied [Buckley et al . 2008] . Gutser et al . [2005] 
exerted an opinion that the fertilizing value of BDS is comparable to dried poultry manure . 

Maize is a crop of a huge yielding potential, but at the same time highly sensitive to both 
shortage of water and nutrients [Tollenaar et al . 2002] . It is sensitive to N supply during the 
long growing period, extending from the stage of 5th leaf and ending at the watery stage during 
the kernel growth [Subedi and Ma 2005] . The most important stage of yield element forma-
tion, known as the critical window, extends from tasseling to the watery stage of grain growth 
(BBCH 71) . In the temperate regions of the world, it takes place during summer [Otegui et al . 
1995, Ritche and Alagarswamy 2003] . The mineralization processes, which can be potentially 
accelerated by an application of manures and/or organic fertilizers, are important for crops such 
as maize [Loecke et al . 2012, Szmigiel et al . 2006] . Therefore, maize seems to be an excellent 
crop for testing fertilizer value of biogas digestate applied as solids . 

In the light of the current knowledge, assuming, the multi-functional impact of biogas di-
gestate on both soil properties and plant growth, the optimal rate of applied digestate, is still 
a matter of controversy . The key objective of the study was to evaluate the impact of progres-
sively increased rates of biogas digestate solids applied on the entire soil surface (broadcast) or 
into a row on the grain yield of maize . The minor objective was to evaluate the dry matter and 
macronutrients partitioning between maize organs at harvest in response to the manner and rate 
of applied digestate . 

MATERIALS AND METHODS

Studies related to the impact of biogas digestate solids (BDS) on maize were verified based 
on a series of field experiments carried out in 2014, 2015, and 2016 at RGD Brody (Poznan 
University of Life Sciences Experimental Station, 16°28′ E and 52°44′ N) . According to the 
FAO/WRB, the studied soil was classified as typical Luvisols . The sum of precipitation during 
the growing season (April-September) was 410 mm in 2014, 284 mm in 2015, and 417 mm in 
2016, whereas the long-term average is 317 mm . In 2015, maize vegetation was affected by 
drought in August with precipitation of 15 mm and concomitant temperature of 22 .1°C versus 
17 .6°C (long-term average) . 

The two-factorial trial consisted of two application methods: i) broadcast (Br), ii) row (Ro) 
and four rates of BDS: 0 .0, 0 .8, 1 .6, 3 .2 t∙ha-1 . The characteristics of BDS and the amounts of 
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applied nutrients are presented in Table 1 . The broadcast applied BDS was incorporated into 
soil just before maize sowing and mixed within the soil layer of 7 cm in depth . The row applied 
BDS was incorporated into soil just after sowing . The application row was prepared by the knife 
method, in the distance of 7 cm from the seed row and at the depth of 7 cm . Maize (Eurostar va-
riety, FAO 240) was used as a test plant . The individual plot size, replicated four times, was 22 .4 
m2 . At maturity, crops were harvested from the area of 11 .2 m2 . The grain yield was adjusted to 
85% of dry matter weight . 

Table 1 .  Chemical composition and amounts of elements applied with progressive rates of biogas dige-
state solids (BDS) 

Rate of
applied
BDS

(t∙ha-1)

OS Nt N-NH4 P K Mg Fe Mn Cu Zn Pb Cd

g∙kg-1 mg∙kg-1

711 26 .1 0 .4 3 .4 46 .5 5 .4 982 165 325 210 2 .80 1 .64

kg∙ha-1 g∙ha-1

0 .8 569 20 .8 0 .32 2 .71 37 .2 4 .3 786 132 260 168 2 .24 1 .31

1 .6 1138 41 .8 0 .64 5 .42 74 .4 8 .6 1571 262 520 336 4 .48 2 .62

3 .2 2275 83 .5 1 .32 10 .84 14 .8 17 .2 3142 528 1 040 672 8 .96 5 .24

The amount of mineral nitrogen (Nmin) in spring, including both soil Nmin resources (0 .6 m) 
and N fertilizer (Nf as ammonium nitrate), was established at 140 kg∙ha-1 . Any other nutrients, 
except N, were not applied . The basic properties of soil under study are shown in Table 2 . All 
other agro-technical measurements were carried out in accordance with the best farming prac-
tice in maize production . 

Table 2 .  Soil agrochemical properties before maize sowing 

Year Soil layer 
(m) pH1

P2 K2 Mg2 N-NO3 N-NH4 Nmin
3 Nf

4

mg∙kg-1 soil kg∙ha-1

2014
0 .0-0 .3 5 .6 180H 330H 220G 39 10 49

51
0 .3-0 .6 5 .8 128G 240G 250G 30 10 40

2015
0 .0-0 .3 5 .7 170H 280G 180G 35 15 50

46
0 .3-0 .6 5 .9 150H 230G 230G 32 12 44

2016
0 .0-0 .3 6 .2 149H 220G 172G 25 21 46

61
0 .3-0 .6 6 .4 110G 210G 122L 22 11 33

11 M KCl; 2Mehlich 3; classes: G – good; H – high; L – low;  30 .01 M CaCl2; 4total sum of Nmin + Nf = 140 kg∙ha-1

Composite soil samples (0–30; 30–60 cm) for Nmin determination, were collected at the be-
ginning of the experiment . For Nmin determination, 20 grams of soil samples were shaken for 1 
h with 100 ml of a 0 .01-M CaCl2 solution (soil/solution ratio 5:1; m/v) . Composite soil samples 
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(0–30 cm) for a determination of available nutrients (P, K, Mg) were collected at the beginning 
of the experiment . The extractable nutrients were determined based on the Mehlich 3 method 
[Mehlich 1984] . The content of available P in the extract was determined colorimetrically, while 
the contents of K, Mg were determined using a FAAS . 

Plant samples for dry mater and nutrient partitioning determination were taken up from 
an area of one m2 at BBCH 89 . The harvested plant sample was divided into sub-samples of 
grains (acronym GR), true leaves (LE), stems (ST), husk leaves (HL), corncobs (CC) and then 
dried (65°C) . The harvested samples of maize grain used for the determination of nutrient con-
centration were first dried at 65°C . Nitrogen concentration was determined using a standard 
macro-Kjeldahl procedure . The plant materials for elements determination were mineralized at 
600°C . The obtained ash was then dissolved in 33% HNO3 . The phosphorus concentration was 
measured by the vanadium-molybdenum method using a Specord 2XX/40 at a wavelength of 
436 nm . The concentrations of K and Mg were determined using a FAAS . 

The experimentally obtained data were subjected to the conventional analysis of variance 
using the computer program STATISTICA 10® . The differences between the treatments were 
evaluated with the Tukey’s test . In tables and figures, results of the F test (***, **, * indicate 
significance at the P < 0 .001; 0 .01, and 0 .05, respectively) are given . The stepwise regression 
was applied to define the best set of variables for the yield discriminative crop characteristics . 

RESULTS AND DISCUSSION

The total biomass of maize was significantly affected by interaction of experimental fac-
tors, being modified by year-to-year variability (Fig . 1, Table 3) . The total biomass produced 
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by maize decreased in the following order: 2014 ≥ 2015 > 2016 . In 2014, the effect of the BDS 
rate depended on the application method . On the treatment with broadcast applied BDS, the 
harvested biomass increased progressively with its rate . On the treatment with row applied fer-
tilizer, it followed the quadrate regression model, reaching the maximum production on the plot 
treated with 1,6 t BDS∙ha-1 . Quite reverse models were observed in 2015 . In 2016, the total yield 
of maize biomass was low and only slightly depended on the applied BDS . 

The relative contribution of particular maize parts in the total biomass crop decreased in the 
following order:

GY (48%) > ST (34%) > CC (8%) ≥ LE (7%) > HL (3%) . 
The above presented order clearly indicates a slight advantage of the vegetative parts of 

maize at harvest over the reproductive (grain) . The harvest index (HI) is a simple indicator 
of dry matter partitioning among vegetative and generative parts of the growing crop [Hay 
1995] . Therefore, it is a very important characteristic of grain yield response both to the course 
of weather and to applied fertilizers . In the studied case, HI was significantly affected by the 
course of weather in consecutive years and by BDS rate (Fig . 1) . The impact of weather was 
dominant, because the highest values of the HI indices were recorded in years with stress, i .e . 
in 2015 and 2016 . The effect of the BDS rate, averaged over other treatments, can be described 
by the quadrate regression model, reaching the maximum in the plot treated with 1 .6 t BDs∙ha-1 . 
A detailed analysis of the Y x R interaction (data not shown but available by the author) docu-
mented the HI response to the BDS rate, was year specific . In 2014, the maximum was recorded 
on the plot with 0 .8 t∙ha-1, but in 2016 on the plot with 1 .6 t∙ha-1 of the applied bio-fertilizer . In 
the last case, it exceeded 50%, clearly indicating favorable growth conditions during the grain 
filling period . Any response of HI to the studied factors was recorded in 2015, but its average 
value was high . 

The grain yield of maize showed a significant response to the interaction of years and the 
application method . In the first two years of the study, an advantage of a row applied BDS was 
observed . The quite reverse situation was revealed in 2016 . A detailed analysis of Fig . 1, shows 
that the grain yield followed the general trend of the total biomass yield, which is typical for 
maize [Hay 1995] . In addition, the effect of the progressive BDS rate was also recorded in 2016 . 
The significant dependence of the grain yield (Y) on the total biomass yield (BY) is corrobo-
rated by the equation:
 Y = 0 .41BY + 1 .389 for R2 = 0 .70 and n = 72 [1]

The average contribution of stems in the total biomass of maize was 34%, ranging from 29 to 
37% (Fig . 1) . The highest values were, in general, the attribute of the N control plots . It is neces-
sary to stress that stems showed an annual variability in the same manner as recorded for grain 
yield . The yield of leaves responded to interaction of all factors, including years . The effect of 
years was quite specific, because the lowest biomass was recorded in the dry 2015 . The effect of 
BDS depended on its rate . As a rule, the lowest rates of BDS resulted in a significant decrease 
in biomass of leaves . The yield of husk leaves showed only dependence on years, decreasing in 
the following order: 2014 > 2015 > 2016 . The yield of corncob showed quite an opposite trend 
to the application of BDS, showing a positive response to its increasing rates . The analysis of 
maize parts indicates a significant impact of BDS on dry matter partitioning among maize parts . 
This conclusion is supported by three sets of equations:

1 .  GY:  GY = 1 .08 – 0 .77LE + 0 .29ST + 4 .97CC for R2 = 0 .85 and n = 72 [2]
2 .  GY:  GY = 0 .78 + 5 .7CC for R2 = 0 .78 and n = 72 [3]
3 .  HI:  HI = 46 .7 + 2 .3GY – 2 .0LE – 2 .3ST – 2 .8CCL for R2 = 0 .99 and r = 72 [4] 
The yield of corncob, considered as the single predictor, explains 78% of the grain yield 

variability . The effect of stems on HI depended on the treatment . In 2014 and 2016, the applica-
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tion of BDS resulted in the stem biomass decrease compared to the N control, leading to the 
grain yield increase . 

The second group of maize yield characteristics refers to yield components . The number 
of rows per cob (NR) due to its firm genetic background can be considered as the conservative 
yield components [Ritchie and Alagarswamy 2003] . It showed, however, a strong year-to-year 
variability, responding positively to BDS (Table 3) . The number of grains per row (NGR) was 
only affected by the BDS, as long as the BDS rate did not exceed 1,6 t∙ha-1 . Consequently, the 
number of grain per cob (NGC) followed the pattern recorded for NR . The lower NR in 2016, 
concomitant with the same number of grains per row suggests a strong shortage of nitrogen 
supply to plants before flowering [Subedi and Ma 2005] . The thousand grain weight (TGW) 
showed only a year-to-year variability . It was significantly lower in 2015 and 2016 compared 
to 2014 . It means that the growing conditions during the grain filling period in 2014 were much 
more favorable in 2014 with respect to other years . 

The grain yield evaluation based on the yield components corroborates the limiting effect of 
both primary components:

 GY = -7 .04 + 0 .46NR + 0 .32NGR for R2 = 0 .54 and n = 72 [5]
However, a question of the impact of maize vegetative parts on the degree of both yields 

component development, still remains . NR was found to be significantly dependant on the stem 
yield:
 NR = 10 .9 + 0 .5ST for R2 = 0 .31 and n = 72 [6]

This equation clearly indicates a strong reduction in the NR due to low biomass of stem . 
This situation was apparent in 2016, a year with a low supply of N maize . The degree of NGR 
expression was governed by the yield of corncob:
 NGR = 23 .1 + 5 .76CC for R2 = 0 .33 and n = 72 [7]

The yield of corncob was significantly reduced in 2016 . The observed reduction was con-
comitant with the lower set of grains per cob (NGC) . 

The degree of nitrogen concentration (Nc) variability among maize parts was much lower 
compared to their seasonal fluctuation (Table 4) . The impact of years should be considered 
separately for each part of maize . The lowest variability in Nc was recorded for grain (GR) and 
corncob (CC) . For both organs, the lowest Nc showed in 2016 . Its seasonal variability was much 
stronger for CC than for GR . The analysis of yearly trends of Nc indicates a shortage of N supply 
to both maize organs in 2016 and for CC in 2015 . The low supply of N to the corncob corrobo-
rates findings presented in equations No . 5 and 7 . This negative trend was partially overcome by 
the application of BDS . The maximum Nc was reached on plots fertilized with 1 .6 t BDS∙ha-1 . 
The seasonal trend of Nc in stems and husk leaves was quite opposite to that observed for CC . 
At the same time, it responded progressively to BDS rates . In leaves, Nc showed only a year-to-
year variability, decreasing in the following order: 2016 > 2014 > 2015 . Its low value for 2015, 
concomitant with high NGC, indicates a strong remobilization of N from leaves . The main 
reason for that was water shortage, which took place during the grain filling period . In contrast, 
the high Nc in leaves and stems concomitant with low NGC indicates its low remobilization rate 
from both organs due to paltry sink capacity [Szczepaniak et al . 2015] . This conclusion is sup-
ported by the equation:
 NGC = 194 .5 + 169 .8CCc for R2 = 0 .38 and n = 72 [8]

The shortage of Nc in CC was probably the main reason for the weak development of the cob 
sink, resulting in a lower number of grain per cob . The grain yield of maize was significantly 
governed by Nc in two maize parts, i .e . leaves and corncob . The Nc in leaves exerted a negative, 
while in the corncob a positive impact on the grain yield (Fig . 2) . 
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The total amount of N accumulated (Na) in maize at harvest was significantly governed by 
interaction of the application method and BDS rate (Fig . 3) . The linear regression model was 
recorded for the broadcast, but the quadrate one for the BDS applied row:

1 . Br: NTOT = 17 .5BDS + 210 for R2 = 0 .93 and n = 4 [9]
2 . Ro; N TOT = 13 .6BDS2 + 53 .3BDS + 205 .3 for R2 = 0 .99 and n = 4 [10]
These two different models clearly indicate that the row applied with BDS at the rate of 1,96 

t ha-1 was sufficient to achieve the maximum N uptake by maize . 
The contribution of maize components in the total N uptake decreased, averaged over all 

treatments and years, in the order, as shown below:
GR (64%) > ST (23%) > LE (7,9%) CC (3,0%) > HL (2,1%) .

The GR contribution into the total N uptake, termed as the Nitrogen Harvest Index (NHI), 
ranged from 61 to 67% . The obtained average is higher than that reported by Bender et al . 
[2013], but within the range reported by Szczepaniak [2016] for high-yielding maize . In the 
present study, the lowest NHI values were the attribute of the N control plots . The applied 
BDS resulted in the significant increase of NHI, which reached, irrespectively of the applica-
tion method, the top values on plots fertilized with 1 .6 t BDS∙ha-1 . Quite opposite models were 
recorded for a contribution of other vegetative maize parts to the total maize biomass, excluding 

 

Fig . 2 . The grain yield as a function of nitrogen concentration in vegetative maize parts
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corncobs . It can be concluded that BDS significantly affecting N partitioning, increased then its 
accumulation in grain . The applied stepwise regression clearly indicates that the N accumula-
tion in grain was the key predictor of the grain yield:
 GY = 2 .2 + 0 .05GR for R2 = 0 .90 and n = 72  [11]

The highest phosphorus concentration (Pc) in maize grain was recorded in two contrastive 
years, i .e . 2014 and 2016 (Table 5) . These results, concomitant with extremely high P concentra-
tion in stems and also high in other vegetative maize parts in 2016, indicate a sufficiently good 
supply of this nutrient to the plant during the growing season . In 2015, the low P concentration 
in grain and in other maize parts suggests an inefficient P uptake from soil during the grain 
filling period [Szczepaniak 2016] . In spite of that, the recorded P concentrations in grain were 
above the published ranges [Gąsiorowska et al . 2011] . The key reason for low Pc was probably 
the lack of application of P fertilizer . This conclusion is supported by a significant increase of 
grain Pc in response to applied BDS, irrespectively of its rate . The same positive effect of BDS 
was recorded for maize parts proximate to kernels, such as husk leaves and corncobs . Among 
the maize parts, the highest sensitivity to fertilizing treatments and weather fluctuation was 
recorded for leaves . 

The total phosphorus accumulation (Pa) by maize at harvest was governed by the interaction 
of years and the BDS rate (Fig . 4) . The effect of BDS on Pa was significant, but the pattern of 
response was year specific . In 2014 and 2015, the highest increase was the attribute of plants 
fertilized with 0 .8 t BDS∙ha-1 . In 2016, the amount of P in maize increased progressively along 
with BDS rates . The observed trends, concomitant with simultaneous increase in the Phospho-
rus Harvest Index (PHI), indicate a positive impact of BDS on P management by maize . In the 
first two years PHIs ranged from 70 to 84% . In 2014, the amount of P in grain harvested from the 
plot fertilized with 0 .8 t∙ha-1 doubled, and in 2015 increased by 51% compared to the respective 
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Fig . 3 . The partitioning of nitrogen between maize organs at harvest
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N control . In 2016, PHI was much lower, but increased along with BDS rates from 61 to 66% . 
The obtained ranges are lower than those reported by Bender et al . [2013], but higher than the 
ones reported by Szczepaniak [2016] for high-yielding maize . 

The amount of Pa in stems was 6 .5 times lower compared to grain . The most important mat-
ter is that the relative P partition between grains and stems was in balance . In fact, the lower 
PHI, the higher Pa contribution in stems was recorded . This relationship was not observed for 
other vegetative parts of maize . It can be, therefore, concluded that P content in stems is the 
main source of this element for the growing maize kernels . The main reason for the high P 
content in stems, as recorded in 2016, was the low capacity of sink, i .e . NGC, resulting in paltry 
exploitation of the stem P reserves . 

The conducted study did not show a strong predictive function of Pc in maize parts . How-
ever, as per results from the conducted stepwise regression, the grain yield can be well predicted 
based on Pa in particular parts of maize: 
 GY = 7 .2 + 0 .09GR – 0 .3ST + 0 .8CC for R2 = 0 .54 and n = 72 [12]

This equation clearly corroborates the fundamental function of stems, as a P reservoir for 
developing kernels . The PHI can be predicted based on both, Pc or Pa in maize parts . The lower 
number of predictors was significant for Pc:
 PHI = 66 .4 + 9 .2Grc – 14 .4STc – 4 .1LEc for R2 = 0 .81 and n = 72 [13] 

These two equations, indicating the negative impact of stem P increase, i .e . Pc or Pa indi-
rectly informs of the insufficient size of the cob sink, i .e . number of grains per cob . 

All maize parts showed a great year-to-year variability in potassium concentration (Kc) (Ta-
ble 6) . The descending order of maize organs is as follows:

Legend: * – BDS rate, t∙ha-1; ** – method of BDS application: Br – broadcast, Ro – row
Numbers marked with the same letter are not significantly different;

Fig . 4 . The partitioning of phosphorus between maize organs at harvest
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1 . 2014, 2016:  ST > HL > LE > CC > GR;
2 . 2015:  HL > ST > LE > CC > GR . 
The greatest instability of Kc was recorded for grain and husk leaves . In grain, it reduced by 

half in 2016 compared to 2014 . As a rule, BDS application resulted in the grain Kc increase, 
showing, however, a great seasonal variability with respect to the applied BDS rate . Potassium 
concentration in stems was the highest, but its seasonal variability was not as high as recorded 
in other maize organs . In the dry 2015, it was at the same level as recorded in the wet 2014 . The 
true and husk leaves showed much stronger seasonal variability . The highest Kc was recorded 
in the dry 2015 . In this particular year, its concentration was twice as high compared to other 
years . The positive effect of BDS on Kc in both organs was the strongest in 2015 . The observed 
response stresses the importance of K content in leaves for maintaining plant functions during 
water shortage [Grzebisz et al . 2013] . The lack of Kc decrease in response to water shortage 
suggests that K supply to maize before the grain filling period was high enough and K content 
in true and husk leaves can be considered as a K buffer .

The total amount of K (Ka) in maize, averaged over fertilization treatments and years, was 
170 kg∙ha-1, showing, however, a strong year-to-year variability (Table 6) . The Ka variability was 
driven by the interaction of the application method and BDS rate . As shown in Fig . 5, the effect 
of BDS was much more predictable on plots with row applied fertilizer . The total K content 
increased progressively with BDs rates . The Potassium Harvest Index (KHI), amounting, on 
average, to 17%, ranged from 13 to 23% . Its slightly higher values were the attribute of plots 
with the broadcast applied BDS . The KHI reached the highest value at 1 .6 t∙ha-1 on plots with 
broadcast, but at 0 .8 t∙ha-1 on plots with a row applied fertilizer . The main reservoirs of K were 
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Fig . 5 . The partitioning of potassium between maize organs at harvest
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stems, accumulating on average 2/3 of its total content . Its relative contribution ranged from 57 
to 71% . The effect of BDS application, especially on plots with a broadcast applied fertilizer, 
resulted in the decrease of K amount in stems . As a rule, the increase of KHI in grain led to the 
decrease of its relative contribution in stems . This conclusion is supported by the developing 
regression model of KHI:
 KHI = 16 .3 + 4 .5GRc – 0 .78STc for R2 = 0 .73 and n = 72  [14]
 KHI = 16 .7 + 0 .43GR – 0 .09ST – 0 .12LE for R2 = 0 .94 and n = 72  [15] 

These two equations clearly inform that any increase in Kc or Ka in stems and leaves leads 
to the decrease of KHI . On the other hand, as presented below, the grain yield of maize signifi-
cantly depended on K amount in grain:
 GY = 7 .59 + 0 .08GR for R2 = 0 .47 and n = 72 [16]

Magnesium concentration (Mgc) in maize parts was year-to-year variable (Table 7) . The 
descending order of maize organs was as follows:

1 . 2014, 2016:  CC > LE > HL > GR > ST;
2 . 2015: CC > HL > GR > LE > ST . 
As a rule, a much lower Mgc in stems, leaves and corncob was recorded in the dry 2015 . The 

effect of the application method was observed only for stems, showing significantly higher Mgc 
for plants grown on plots with broadcast application of BDS . The effect of BDS was significant 
for all maize parts, except stems . For grain, the effect of increasing BDS rates was variable 
depending on the interaction of all studied factors . The effect of applied BDS was visible in 
all years, but the progressive increase in Mgc was recorded in 2014 . The average level of Mgc 
recorded for the N control, amounting to 1300 mg∙kg-1 DW, was within published ranges [Brikić 
et al . 2003, Szczepaniak et al . 2015] . The Mgc showed a strong response to BDS application, 
increasing up to 1500 mg∙kg-1 DW . It means that BDS can be treated as an important factor, 
influencing Mg supply to maize . An extremely high Mgc concentration in grain and also in other 
maize parts at harvest, as evidenced in 2016, indicates its ample supply to plants during the seed 
filling period [Grzebisz 2015] . The interactional effect of all factors on Mgc was as well ob-
served for true leaves . The Mgc reached extremely low values in the dry 2015 . The water stress 
was partly overcome by broadcast applied BDS . The effect of BDS on Mgc in husk leaves was 
significant, following the quadrate regression model . 

The total amount of Mg accumulated in maize crop at harvest (Mga) was significantly gov-
erned by the interaction of all factors (Table 7, Fig . 6) . The effect of fertilization treatments was 
variable in consecutive years of study . In 2014, the linear model of the Mga response to the ap-
plied BDS was recorded on the broadcast, whereas the quadrate one, for the plots with the BDS 
treated rows . In 2015, the Mg accumulation models were non consistent, but the effect of BDS 
was positive . In 2016, the beneficial and the progressive effect of BDS were only recorded on 
plots with the broadcast applied fertilizer . 

The relative contribution of grain in the total Mg accumulation by maize at harvest, i .e . the 
Magnesium Harvest Index, was 46%, ranging, however, from 30 to 59% . As a rule, much higher 
MgHI values were recorded in 2014 . The effect of BDS was clear, reaching the highest values 
for the plot with 0 .8 t BDS∙ha-1 . In 2015, MgHI reached the highest values, but the effect of BDS 
was inconsistent . The strong MgHI increase in grain harvested in 2015, implicitly underlines the 
accelerated Mg flow to developing grains in response to water shortage, indicating its ameliorat-
ing function [Grzebisz 2013] . The contribution of stem in the total Mga lower by half compared 
to grain . It showed a specific balance with Mg partition into grain, decreasing in years with 
stress as in 2015, or in years with insufficient development of Mg sink, as in 2015 . A particular 
attention should be paid to Mg content in true leaves, which varied from 4 to 18% . The main 
reason of the observed fluctuation was drought in 2015 . The water shortage, covering the most 
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Legend: * – BDS rate, t∙ha-1; ** – method of BDS application: Br – broadcast, Ro – row
Numbers marked with the same letter are not significantly different;

Fig . 6 . The partitioning of magnesium between maize organs at harvest
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of grain filing period, resulted in a significant exhaustion of Mg from leaves . Mg remobilized 
from leaves, as indicated by simultaneously higher MgHI values, was allocated to grain . The 
value of this index can be well predicted based on Mgc or Mga in respective maize parts: 
 MgHI = 48 .1 + 18 .0 – 13 .1STc – 3 .3LEc – 2 .4CCc for R2 = 0 .83 and n = 72  [17]
 MgHI = 45 .3 + 1 .7GR – 1 .3ST -1 .8LE – 1 .3HL – 1 .3CC for R2 = 0 .98 and n = 72 [18] 

These two equations clearly inform that any increase in Mg concentration or accumulation 
in vegetative parts of maize results in simultaneous decrease of Mg contribution in grain . 

CONCLUSIONS

1 . The effect of BDS on grain yield of maize was due to its positive impact on biomass of stems 
and corncob, which strongly affected the degree of the primary yield components develop-
ment such as the number of rows per cob (NR) and the number of grains per row (NGR) .

2 . The shortage of N supply to maize was the key reason for lower biomass of corncob, which 
in turn reduced the cob sink capacity, i .e . the number of grain per cob (NGC), thus leading 
to the grain yield decrease . 
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3 . The BDS action on maize grain yield showed through enhanced translocation of dry matter 
and nutrients into grain in expense of vegetative maize parts, mainly stems (N, P, K), and 
leaves (N, Mg) . 

4 . The BDS action on potassium management by maize was mostly revealed in the dry 2015 . 
The application of BDS resulted in higher K concentration in true and husk leaves . 

5 . The BDS action on magnesium management by maize resulted in a significant increase of its 
concentration in grain . 

6 . The row method of BDS application showed its advantage over the broadcast one . The same 
amount of N was taken up, as well as higher indices of dry matter and nutrient contribution 
in grain was achieved by applying a half of the BDS rate . 
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K . Przygocka-Cyna 

PROFIL MINERALNY KUKURYDZY ZIARNOWEJ W STADIUM DOJRZAŁOŚCI 
FIZJOLOGICZNEJ NAWOŻONEJ GRANULATEM POFERMENTACYJNYM  

CZĘŚĆ I. MAKROELEMENTY 

Synopsis . W pracy założono, że granulat pofermentacyjny z biogazowni rolniczej (BDS) zastosowany 
jako nawóz organiczny istotnie wpływa na rozdział suchej masy i składników pokarmowych między czę-
ści rośliny nasiennej, co z kolei prowadzi do wzrostu plonu . Hipotezę tę zweryfikowano na podstawie serii 
eksperymentów polowych z kukurydzą, przeprowadzonych w latach 2014–2016 w miejscowości Brody, 
Polska . Eksperyment dwuczynnikowy składał się z metody aplikacji BDS (rzutowo i rzędowo) i dawki: 
0; 0,8, 1,6; 3,2 t∙ha-1 . Wpływ BDS na formowanie elementów struktury plonu wynikał z większej biomasy 
łodyg i rdzenia kolby kukurydzy, co z kolei zwiększyło, odpowiednio, liczbę rzędów (NR) i ziarniaków 
w rzędzie (NGR) . Kluczowym czynnikiem pokarmowym, kontrolującym potencjał plonotwórczy kolby 
kukurydzy (sucha masa; ilość ziarniaków w kolbie, NGC) była zawartość N w rdzeniu kolby . Wpływ 
BDS na plon ziarna kukurydzy wynikał z większego przemieszczenia w okresie dojrzewania suchej masy 
i składników odżywczych do ziarna kosztem wegetatywnych części kukurydzy, głównie łodyg (N, P, K)  
i liści (N, Mg) . Wpływ BDS na gospodarkę potasem przez kukurydzę ujawnił najbardziej w suchym 2015 
roku, łagodząc wpływ stresu wodnego . Zastosowane BDS zwiększyło zawartość magnezu w ziarnie, po-
prawiając tym samym jego wartość odżywczą . Rzędowa metoda aplikacji BDS wykazała przewagę nad 
rzutową, skutkując (i) taką samą ilością pobranego N przez kukurydzę, lecz przy 2-krotnie mniejszej ilości 
nawozu, (ii) zwiększeniem wartości indeksu żniwnego ziarna i indeksów żniwnych składników pokarmo-
wych w porównaniu do wariantu kontrolnego, nawożonego tylko azotem . 

Słowa kluczowe: granulat pofermentacyjny, metoda stosowania i dawka, części kukurydzy, sucha masa, 
składniki pokarmowe, rozdział 
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