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Elżbieta Radzka * , Katarzyna Rymuza and Andrzej Wysokinski

����������
�������

Citation: Radzka, E.; Rymuza, K.;

Wysokinski, A. Nitrogen Uptake from

Different Sources by Soybean Grown

at Different Sowing Densities.

Agronomy 2021, 11, 720. https://

doi.org/10.3390/agronomy11040720

Academic Editor: Jerzy Wielbo

Received: 23 February 2021

Accepted: 6 April 2021

Published: 9 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Faculty of Agrobioengineering and Animal Husbandry, Siedlce University of Natural Sciences and Humanities,
ul. Prusa 14, 08-110 Siedlce, Poland; katarzyna.rymuza@uph.edu.pl (K.R.);
andrzej.wysokinski@uph.edu.pl (A.W.)
* Correspondence: elzbieta.radzka@uph.edu.pl; Tel.: +48-(25)-643-1351

Abstract: The objective of the research reported here was to determine the amount of nitrogen fixed
from the atmosphere and taken up from mineral fertilizer and soil reserves by soybean cv. Abelina
grown at three densities (per 1 m2) under central European conditions. Moreover, an attempt was
made to determine what amount of nitrogen taken up from the individual sources was removed
from the field with seed yield and was introduced to the soil with post-harvest residues and that
will be the source of this macronutrient for the following plants. The following densities were used:
A1–50 seeds, A2—70 seeds and A3—90 seeds per 1 m2. The share of nitrogen derived from the
atmosphere, soil reserves and mineral fertilizer and taken up by the total plant biomass was 46.28,
45.52 and 8.2%, respectively. The whole biomass accumulated 58.51, 52.85 and 9.71 kg N·ha−1 from
the respective sources. An average of 95.24 kg N·ha−1 was removed from the field with seeds, it
being 46.17, 42.20 and 6.68 kg N·ha−1 for an uptake from the atmosphere, soil reserves and mineral
fertilizer, respectively. An incorporation into soil of residues and roots provided over 25.82 kg N·kg−1

associated with all the sources.

Keywords: nitrogen fixation; Glycine max (L.) Merr.; sowing density; isotope 15N

1. Introduction

Increasing climate warming and advances in soybean breeding have allowed culti-
vation of this species in East-Central Europe, including Poland. Soybean (Glycine max (L.)
Merr.), one of the most important legumes in the world, is capable of fixing atmospheric
nitrogen [1–3]. Following crop yields are higher in subsequent years despite lack of artificial
fertilizer application [4]. Chen et al. [5] and Chen and Wiatrak [6] claim that soybean is a
significant nitrogen source for maize grown as a following crop. In order to obtain high
production and economic effects, modern intensive agriculture heavily relies on mineral
nitrogen fertilizer application. However, excessive amounts of mineral nitrogen forms in
soil pose a threat to the natural environment as nitrogen may leach to groundwater and be
released to the atmosphere. Effective soil nitrogen management which is safe for the envi-
ronment is a key element of sustainable and organic agriculture. In this respect, inclusion
of leguminous plants in the crop rotation seems to provide a safe nitrogen source. These
plants establish specific symbiotic relationships with soil-borne bacteria. Atmospheric
nitrogen is fixed by these microorganisms and such a process in called biological nitrogen
fixation (BNF) [7,8]. In nature, BNF occurs with the participation of microbes (bacteria)
which are prokaryotic organisms. Seed inoculation with Rhizobium increases NPK uptake
(by as much as 39%) in soybean stems and enhances soil fertility [9].

That having been said, recent years have seen increasing interest in biological methods
of improving yield performance and quality, and soybean plants are more and more
frequently introduced into crop rotation [10,11]. This, however, can often be restricted
by climate and agrotechnological conditions [12–16]. Sowing date and density as well as
fertilization and cultivation practices have the greatest effect on yield performance [17–23].
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When the number of plants per 1 m2 is low and there is no competition among plants,
the yield is proportional to stand density [24]. Increased density results in increased
competition and a declining rate of yield increase. Lima et al. [25] demonstrated that,
with such sowing, seed yield increased by 8.6% compared with conventional planting. If
growers have access to information on improved soybean cultivars, agrotechnology and
benefits of soybean cultivation, they are more likely to meet the demand on the market and
producers’ expectations [26,27].

The objective of the research reported here was to determine the amount of nitrogen
fixed from the atmosphere and taken up from mineral fertilizer and soil reserves by
soybean cv. Abelina grown at three densities (per 1 m2) under central European conditions.
Moreover, an attempt was made to determine what amount of nitrogen taken up from the
individual sources was removed from the field with seed yield and that was introduced
to the soil with post-harvest residues and will be the source of this macronutrient for the
following plants.

Research hypotheses assumed that, regardless of sowing density, the atmosphere will
be the predominant nitrogen source for soybean cv. Abelina, and the quantity of nitrogen
taken up by this crop plant from different sources will vary according to sowing density
and environmental conditions.

2. Materials and Methods
2.1. Description of the Experiment

A field experiment was carried out at Łączka, eastern Poland, (N52◦15′, E21◦95′)
in 2017–2018. It was arranged as a randomized block design with three replicates. The
experimental factor was the seeding density of soybean cv. Abelina. The cultivar is
included in the List of Cultivars Recommended for Cultivation in Poland (Lista Odmian
Zalecanych). It is a second early variety 000++ characterized by a rapidly closing canopy,
high attached lowest pods and high fat and protein contents. The following densities
were used: A1—50 seeds, A2—70 seeds and A3—90 seeds per 1 m2. The seeds which are
supplied by the company are ready for sowing as they are chemically treated and coated
with the nodulating bacteria Bradyrhizobium japonicum. The trial was established on soil
classified as Haplic Luvisol according to the World Reference Base for Soil Resources [28].
The soil was consisting of 69.4% sand, 28.2% silt, and 2.4% clay. Selected properties of
this soil are given in Table 1. The soil had an average phosphorus content, organic carbon
content and total nitrogen content, a high potassium content and a low magnesium content
of plant-available forms.

Table 1. Some soil properties in the layer 0–0.25 m before experiment establishment in 2017 and 2018.

Year
pH Corg Nt Fet Bt Pav Kav Mgav

(In KCl) g·kg−1 g·kg−1 g·kg−1 g·kg−1 (mg·kg−1) (mg·kg−1) (mg·kg−1)
2017 7.0 9.5 0.77 998 0.71 55.5 132.7 26.3
2018 7.1 9.1 0.75 995 0.65 57.0 130.5 26.1

The research involved isotope dilution analysis which included mineral fertilizers
enriched with the isotope 15N (5%) and simultaneous cultivation of control plant-maize (Zea
mays L.)—unable to form symbiotic relations with nodulating bacteria. Soybean was grown
in micro-plots whose area was 1 m2 and which were established in plots with an appropriate
between-row spacing. Both soybean and maize were fertilized with ammonium sulphate
(NH4)2SO4 applied at the rate corresponding to 30 kg N·ha−1 (3 g N·m−2) introduced into
the soil. P and K rates were based on soil availability of these nutrients (Table 1) and they
amounted to 30 kg P and 90 kg K per 1 ha. Each year, soybean was preceded by maize and
it was grown in a conventional soil cultivations system.

Both soybean and maize were sown by hand on 4 and 5 May at the between-row
spacing of 22 cm and the depth of 4 cm. Maize sowing density was 75 seeds per 1 m2.
No herbicides were applied to either soybean or maize, weeds being removed by hand.
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The whole plants of maize and soybean were harvested manually in late September at
the full maturity stage (BBCH99) by digging them out of the depth of 0.25 m. Next,
each plant was separated into roots, above-ground post-harvest residues and seeds. The
post-harvest residues included all the above-ground parts of soybean or maize plants,
excluding seeds. Then, the harvested mass of each group was weighed and sampled to
obtain representative samples.

2.2. Weather Conditions

During the soybean growing season, the crop’s thermal and precipitation requirements
differ according to a stage of soybean development. From seeding to full emergence,
soybean requires high temperatures and precipitation. There are two critical periods
during soybean development, both characterized by increased thermal requirements. The
first one, from sowing to full emergence, may be extended to as many as 45 days when its
temperatures are too low (lower than 10–15 ◦C) [29]. In terms of precipitation, the stages of
sprouting, flowering and pod fill seem to be critical periods [30,31]. The precipitation and
thermal conditions during the study period are presented in Figure 1.
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Figure 1. Precipitation and air temperatures in 2017–2018 according to IMiGW PIB (Institute of Meteorology and Water
Management, National Research Institute), Warsaw, Poland.

At the beginning of 2017, values of the average monthly air temperature were lower
but precipitation sums were higher. Low rainfall in May 2018 contributed to poorer plant
germination and emergence whereas low temperature from seeding to full emergence. In
2017, the temperature in May of 13 ◦C and precipitation of 45 mm extended the germination
period with a marked number of seeds germinating successfully.

Consequently, when improved thermal conditions followed, they had no significant
impact on yield performance. In both the study years, August turned out to be the warmest
month of soybean growing season with respective average temperatures of 19.0 and 19.9 ◦C.
The highest precipitation sum was recorded in September (112 mm) 2017, and July (96 mm)
2018. In contrast, the lowest precipitation sums in 2017 and 2018 were recorded in May and
August, respectively 46 and 26 mm, and 53 and 29 mm. In 2017 and 2018, May, June and
August were dry. Very dry May in 2018 contributed to delayed germination and emergence,
the status of plants being slightly enhanced by improved water status in July and August.
Most reports mention higher temperatures at the initial stage of soybean development as a
factor which contributed to earlier flowering [32,33]. A very high water demand which,
when not met, results in the greatest yield losses coincides with the stage of pod fill [34–36].

2.3. Laboratory Analyses

The following were determined in all samples of soybean and maize:

• Dry matter content—70 ◦C
• Total nitrogen content—Kjeldahl method
• Enrichment with the 15N isotope—after wet mineralization by the Kiejdahl method

and distillation to an acid solution (5% HCl), on the NOI-6e emission spectrometer
(Leipzig, Germany).
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2.4. Calculations

The percentage of nitrogen derived from different sources: from the atmosphere—
Ndfa, from mineral fertilizer—NdfF and from soil—Ndfs in soybean was calculated using
the formulas given by Azam and Farooq [37] and Kalembasa et al. [38]:

(a) the percentage of nitrogen derived from the atmosphere, % Ndfa:

% Ndfa = (1 − at % 15Nlegumefx/at % 15Nnolegumenfx) · 100 (1)

where:

at % 15Nlegumefx—15N isotope excess in soybean,
at % 15Nnolegumenfx—15N isotope excess in the control plant-maize,

(b) the percentage of nitrogen derived from the fertilizer, % Ndff :

% Ndff = (at % 15Nlegumefx/at % 15Nfertilizer) · 100 (2)

where:

at % 15Nlegumefx—15N isotope excess in soybean,
at % 15Nfertilizer—15N isotope excess of fertilizer,

(c) the percentage of nitrogen derived from soil, % Ndfs:

% Ndfs = 100% − % Ndfa − % Ndff (3)

where:

% Ndfa—the percentage of nitrogen derived from the atmosphere,
% Ndff —the percentage of nitrogen derived from the fertilizer

The nitrogen pool conventionally called “from soil”—Ndfs—includes all the remaining
sources, excluding the atmosphere and mineral fertilizer.

(d) Total nitrogen accumulation (uptake) in soybean, Nup:

Nup = Y · Nc (4)

where:

Y—the mass (yield) of soybean
Nc—total nitrogen content in soybean

(e) The amount of nitrogen uptake from the atmosphere, Ndfa

Ndfa = Nup · % Ndfa/100 (5)

where:

Nup—total nitrogen accumulation (uptake) in soybean,
%Ndfa—% of nitrogen derived from the atmosphere

(f) The amount of nitrogen uptake from the fertilizer, Ndff

Ndff = Nup · % Ndff /100 (6)

where:

Ndff —the amount of nitrogen uptake from the fertilizer,
Nup—total nitrogen accumulation (uptake) in soybean,
%Ndff —% of nitrogen derived from the fertilizer

(g) The amount of nitrogen uptake from the soil, Ndfs
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Ndfs = Nup · % Ndfs/100 (7)

where:

Nup—total nitrogen accumulation (uptake) in soybean,
% Ndfs—% of nitrogen derived from the soil

2.5. Statistical Analyses

The results of the experiments were analysed by two-way analysis of variance (ANOVA)
with interaction according to the following model:

yijl = m + ai + bj + abij + eijl,

where:

yijl—the value of the examined characteristic
m—population average;
ai—the effect of the i-th level of factor A (sowing density)
bj—the effect of the j-th level of factor B (Year);
abij—the effect of the interaction of factor A and B (sowing density x year);
eijl—the random error (numbers)

The significance of sources of variation was checked with the Fisher-Snedecor test,
and mean values were separated with the Tukey’s test at the significance level of p < 0.05.
For these calculations the Statistica 13 PL (StatSoft, Tulsa, OK, USA) and were used.

3. Results
3.1. Yield, Nitrogen Content and Total Amount of Nitrogen Taken Up by Different Soybean Parts

The dry matter of different parts of soybean cv. Abelina varied according to growing
season and sowing density. A significantly higher mass of roots, post-harvest residues and
seeds was produced in 2017 than 2018. A higher root mass was formed by plants sown at 50
seeds·m−2 compared with 70 and 90 seeds·m−2, the latter densities producing statistically
similar root masses. Differences between root yields, post-harvest residue amount and
seed yields were affected by growing season conditions as indicated by significance of
sowing density × years interaction. In 2017, higher root yields were produced at the
density of 50 seeds·m−2 compared with the remaining densities whereas in 2018 the lowest
density contributed to the lowest root yield (0.426 Mg·ha−1). In 2017, sowing density
insignificantly affected post-harvest residue mass, the same effect being observed for seed
weight in 2018. Moreover, in 2018, significantly less post-harvest residues were left by
plants sown at the density of 50 seeds·m−2. A similar relationship was observed in 2017 for
seed yield. Regardless of the study year, higher yields of seeds and post-harvest residues
were determined for plants sown at 50 seeds·m−2 compared with the remaining densities.
The total biomass quantity associated with the sowing density of 50 seeds·m−2 was lower
compared with the density of 70 or 90 seeds·m−2 (Table 2).

Nitrogen accumulation was the highest in soybean seeds (44.3 g·kg−1), it amounting
to 10.10 and 5.80 g·kg−1 for roots and post-harvest residues, respectively. Nitrogen content
in roots, seeds and in the total biomass produced by the legume was affected by growing
conditions (years). In 2017, nitrogen accumulation was significantly higher compared with
2018. Nitrogen content in the whole soybean biomass was affected by the conditions under
which the experiment was conducted (years), and density × years interaction. The lowest
nitrogen content in the whole biomass in 2017 was determined at the lowest sowing density
compared with the remaining densities. In 2018, nitrogen accumulation in the total biomass
was the same for all the sowing density (Table 3).
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Table 2. The amount of soybean dry matter, Mg·ha−1.

Plant Part
Sowing Density

Mean
Year 50

(Seeds·m−2)
70

(Seeds·m−2)
90

(Seeds·m−2)

2017 0.61 a 0.46 b 0.49 b 0.52 *
roots 2018 0.43 b 0.49 a 0.46 ab 0.46 *

Mean 0.52 A 0.47 B 0.47 B 0.49

2017 3.96 a 4.11 a 4.21 a 4.09 *
post-harvest

residues 2018 2.55 b 3.47 a 3.39 a 3.14 *

Mean 3.25 B 3.79 A 3.80 A 3.62

2017 1.64 b 2.77 a 2.71 a 2.37 *
seeds 2018 2.07 a 1.96 a 1.71 a 1.91 *

Mean 1.85 B 2.36 A 2.21 A 2.14

2017 6.20 7.34 7.41 6.98 *
total 2018 5.05 5.92 5.56 5.51 *

Mean 5.63 B 6.63 A 6.48 A 6.25
A, B—values followed by the same letters indicate insignificant differences between sowing densities at p < 0.05.
a, b—values followed by the same letters indicate insignificant differences between sowing densities within a
given study year. Means for years followed by an asterisk (*—in rows) differ significantly at p < 0.05.

Table 3. Nitrogen content in different soybean parts, g·kg−1.

Plant Part
Sowing Density

Mean
Year 50

(Seeds·m−2)
70

(Seeds·m−2)
90

(Seeds·m−2)

2017 10.20 10.20 10.30 10.30 *
roots 2018 10.00 10.00 9.80 9.90 *

Mean 10.10 10.10 10.10 10.10

2017 6.00 5.80 6.10 6.00
post-harvest

residues 2018 6.10 5.30 5.30 5.60

Mean 6.10 5.60 5.70 5.80

2017 47.80 47.30 46.90 47.40 *
seeds 2018 39.20 40.50 44.00 41.30 *

Mean 43.50 43.90 45.50 44.30

2017 17.43 b 21.66 a 21.23 a 20.10 *
total 2018 20.06 a 17.36 b 17.58 b 18.33 *

Mean 18.74 19.51 19.40 19.22
For explanations see Table 2.

The most nitrogen was taken up by plant seeds (95.24 kg N·ha−1) (9.52 g N·m−2),
it being the lowest for roots (4.93 kg N·ha−1) (0.49 g N·m−2). The quantity of nitrogen
concentration in seeds in 2018 was the same for all the sowing densities whereas in 2017
less nitrogen was taken up by seeds of plants sown at the lowest density. The amount of
nitrogen concentration in seeds of plants sown at the density of 70 and 90 seeds·m−2 was
similar. The total amount of nitrogen taken up by roots, post-harvest residues and seeds
was higher in 2017 than 2018. In the first study year, the amount of nitrogen accumulated
by the whole biomass of plants sown at the density of 70 and 90 seeds·m−2 was higher
compared with the density of 50 seeds·m−2. In 2018, nitrogen accumulation in the total
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biomass was the lowest when the plants had been sown at the density of 90 seeds·m−2

(Table 4).

Table 4. Total nitrogen amount concentration by soybean, kg N·ha−1.

Plant Part
Sowing Density

Mean
Year 50

(Seeds·m−2)
70

(Seeds·m−2)
90

(Seeds·m−2)

2017 6.25 4.66 5.02 5.31
roots 2018 4.25 4.89 4.52 4.55

Mean 5.25 4.77 4.77 4.93

2017 23.63 23.90 25.85 24.46 *
post-harvest

residues 2018 15.64 18.39 17.90 17.31 *

Mean 19.64 21.15 21.87 20.89

2017 78.26 b 130.75 a 126.52 a 111.84 *
seeds 2018 81.22 a 79.43 a 75.28 a 78.64 *

Mean 79.74 B 105.09 A 100.90 A 95.24

2017 108.15 b 159.31 a 157.39 a 141.61 *
total 2018 101.11 a 102.71 a 97.70 b 100.51 *

Mean 104.63 B 131.01 A 127.54 A 121.06
For explanations see Table 2.

3.2. Nitrogen Amount Taken Up by Soybean Cultivars Derived from the Atmosphere, Soil Reserves
and Mineral Fertilizers

The amount of nitrogen derived from the atmosphere was higher for plants cultivated
in 2017 compared with 2018. Regardless of sowing density and years, nitrogen accumula-
tion was the highest in seeds (on average, 46.17 kg N·ha−1) (4.62 g N·m−2), it being the
lowest for roots (2.36 kg N·ha−1) (0.24 g N·m−2). The quantity of nitrogen derived from the
atmosphere by different plant parts and the total biomass was affected by sowing density.
When averaged across two study years, nitrogen accumulation in the total biomass, post-
harvest residues and seed was the highest for plants sown at 70 and 90 seeds·m−2 rather
than 50 seeds·m−2. Study years affected the quantity of nitrogen accumulated in the whole
biomass of plants, their post-harvest residues and seeds. In 2017, the least atmospheric
nitrogen was recorded in the whole biomass, post-harvest residues and seeds of plants
sown at the lowest density compared with the remaining two densities. In 2018, sowing
density insignificantly influenced the amount of nitrogen taken up from the atmosphere by
the total biomass, post-harvest residues and seeds of soybean (Table 5).

Accumulation of nitrogen derived from fertilizer and taken up by roots, seeds, post-
harvest residues and the whole biomass was affected by study years. More nitrogen was
accumulated by individual plant parts in 2017 than 2018 (Tables 6 and 7). In the two-year
period, the amount of nitrogen derived from fertilizer and taken up by soybean roots was
influenced by sowing density. Significantly more nitrogen was accumulated by the roots of
plants sown at 50 seeds·m−2 rather than 70 or 90 seeds·m−2. Differences between nitrogen
amounts accumulated in the roots of plants sown at different densities were affected by
study years. In 2017, the most nitrogen was determined in the roots of plants sown at
50 seeds·m−2, it being significantly lower for 90 seeds·m−2 and the lowest for 70 seeds·m−2.
In 2018, the highest nitrogen uptake from fertilizer was for the roots of soybean plants
sown at 70 seeds·m−2 compared with the remaining densities (Table 6). The quantity of
nitrogen accumulated by individual soybean plant parts and the whole biomass in 2017
and 2018 was similar. Sowing density had no significant impact on the amount of nitrogen
taken up by soybean plants either (Table 7).
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Table 5. Nitrogen amount taken up by soybean from the atmosphere, kg N·ha−1.

Plant Part
Sowing Density

Mean
Year 50

(Seeds·m−2)
70

(Seeds·m−2)
90

(Seeds·m−2)

2017 2.83 3.12 2.72 2.89 *
roots 2018 1.57 1.94 2.01 1.84 *

Mean 2.20 B 2.53 A 2.36 AB 2.36

2017 10.82 b 13.89 a 14.22 a 12.97 *
post-harvest

residues 2018 7.51 a 6.89 a 6.52 a 6.97 *

Mean 9.16 B 10.39 A 10.37 A 9.97

2017 36.44 b 77.47 a 76.94 a 63.61 *
seeds 2018 32.10 a 29.33 a 24.72 a 28.72 *

Mean 34.27 B 53.40 A 50.83 A 46.17

2017 50.09 b 94.47 a 93.87 a 79.48 *
total 2018 41.19 a 38.15 a 33.25 a 37.53 *

Mean 45.64 B 66.31 A 63.56 A 58.50
For explanations see Table 2.

Table 6. Nitrogen amount taken up by soybean from fertilizer, kg N·ha−1.

Plant Part
Sowing Density

Mean
Year 50

(Seeds·m−2)
70

(Seeds·m−2)
90

(Seeds·m−2)

2017 0.89 a 0.40 c 0.60 b 0.63 *
roots 2018 0.56 b 0.62 a 0.53 b 0.57 *

Mean 0.738 A 0.51 B 0.56 B 0.60

2017 2.84 2.22 2.58 2.55 *
post-harvest

residues 2018 1.49 2.10 2.08 1.89 *

Mean 2.17 2.16 2.33 2.22

2017 6.52 8.31 7.73 7.52 *
seeds 2018 6.14 6.26 6.32 6.24 *

Mean 6.33 7.29 7.03 6.88

2017 10.26 10.94 10.92 10.71 *
total 2018 8.19 8.99 8.93 8.70 *

Mean 9.23 9.97 9.93 9.71
For explanations seed Table 2.
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Table 7. Nitrogen amount taken up by soybean from soil, kg N·ha−1.

Part of Plant
Sowing Density

Mean
Year 50

(Seeds·m−2)
70

(Seeds·m−2)
90

(Seeds·m−2)

2017 2.53 1.14 1.70 1.79
roots 2018 2.11 2.33 1.98 2.14

Mean 2.32 1.73 1.84 1.96

2017 9.97 7.79 9.05 8.94
post-harvest

residues 2018 6.64 9.40 9.29 8.44

Mean 8.30 8.60 9.17 8.69

2017 35.30 44.97 41.85 40.70
seeds 2018 42.97 43.84 44.24 43.68

Mean 39.14 44.40 43.04 42.19

2017 47.79 53.90 52.59 51.43
total 2018 51.73 55.57 55.51 54.27

Mean 49.76 54.74 54.05 52.85

4. Discussion

As possibilities of soybean cultivation under European conditions are improving,
changing consumer awareness, research into this crop plant seems to be reasonable from
the practical point of view as well. An increase in non-GMO soybean demand in the
European Union (EU) has been observed. More and more countries are considering
cultivation of non-GMO cultivars on a larger scale. Cultivated varieties should be certified
as free of any genetic modifications. Availability of information on improved soybean
cultivars and their agrotechnology as well as benefits associated with its cultivation will
allow farmers to meet the market demand and expectations of producers. Additionally,
soybean growing may produce benefits resulting from a limited application of mineral
fertilizers which increase yields but also cause environmental degradation [39]. From the
point of view of agriculture, soybean is a good component in a rotation which, due to its
ability to symbiotically fix atmospheric nitrogen, improves soil fertility [40,41]. Plant parts
remaining after soybean harvest may be a nitrogen source for other crop plants following
in rotation [1,4,42] so it is important to determine the amount of nitrogen they contain.

In the experiment reported here, the total biomass amount of soybean cv. Abelina
was affected by sowing density and growing conditions. In 2017, the weather conditions
during the soybean growing season contributed to a higher mass of roots, post-harvest
residues and seeds, compared with 2018. In this, a significant role was played by higher
precipitation sums in June and July 2017 as they positively affected the growth of all
plant parts. Literature reports mention precipitation and thermal conditions as one of
factors hindering soybean development and yielding [43]. According to Newark [44] and
El Kheir et al. [45], insufficient precipitation may reduce plant height by about 30 to as
much as 70%. Yield levels are influenced by disease occurrence and severity, applied
agrotechnology, fertilisation levels and cultivar selection [12–14,24,46–48]. It is well known
that warm and wet weather increases soybean infection by some fungi, in particular
Phomopsis longicolla [49].

The present research demonstrated that the total biomass amount was lower at the
sowing density of 50 seeds·m−2 compared with the density of 70 or 90 seeds·m−2. Kozak
et al. [50] reported that, regardless of cultivar, the highest seed and post-harvest residue
yields are produced at the sowing density of 100 seeds·m−2. Number of plants per unit area
is another factor influencing morphological characteristics. Increased sowing density is
associated with higher, more slender soybean plants whose bottom pods are set higher on
the stem [51–54], they have fewer internodes, pods, seeds per plant, seeds per pod, and their
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1000 seed weight is lower [20]. Egli [24] claims that when sowing density is low and there
is no competition among plants, the yield is proportional to the density. Increased stand
density contributes to growing competition and is followed by a declining yield increase
rate. Research has confirmed that stand density has a marked impact on the intensity and
quality of solar radiation intercepted by soybean plants [54–56]. Duncan [57] has suggested
that light intercepted during and after seed set was the major yield determinant.

Soybean takes up nitrogen from three alternative sources: biological nitrogen fixa-
tion (BNF), absorption from soil and fertilizer. The share of each N source depends on
environmental conditions, agrotechnology and genetic factors. In the case of soybean,
the largest percentage is associated with atmospheric nitrogen (BNF). Herridge et al. [58],
using just seven sets of data, calculated legume (symbiotic) N2 fixation in the range 3–90 kg
N·ha−1·year−1 and free-living (non-symbiotic) N2 fixation at 3–30 kg N·ha−1·year−1. The
present work demonstrated that, in both study years, the amount of nitrogen accumulated
by the whole plant biomass was the lowest in plants sown at the density of 50 seeds·m−2.
Nitrogen uptake was the highest for plant seeds and the lowest for roots. The quantity of
nitrogen derived from the atmosphere by different plant parts and the whole biomass was
also affected by sowing density and was the largest at the density of 70 and 90 seeds·m−2.
Similar results were obtained by Kihara et al. [59] who recorded a higher 15N content in
seeds vs. roots. Trawczyński [60] claims that higher amounts of nitrogen obtained during
symbiotic fixation of N2 are stored in above-ground parts and seeds of legumes compared
with quantities supplied to the soil with post-harvest residues. Single-stage harvest only
involves removal of seeds from the field whereas the remaining straw and other parts are
treated as post-harvest residues and are incorporated to the soil.

In the current work, both the quantity of BNF-related nitrogen and its percentage
share were affected by weather conditions. In the slightly dry and warmer 2018, an
accumulation of this type of nitrogen in the whole biomass of soybean plants exceeded
37.5 kg N·ha−1, which was less than in 2017 (79.5 N·ha−1). Apart from inoculation of
leguminous plants with appropriate Rhizobium strain, an effective course of the process
of symbiotic nitrogen fixation is contingent on favourable weather and soil conditions
during the growing season [61,62]. According to Korsak-Adamowicz et al. [63], drought
and high temperature as the factors which may adversely affect nodulating bacteria-crop
plant symbiosis. Meteorological conditions were a significant factor of a model developed
by Collino et al. [64] and used for predicting the amount of nitrogen biologically fixed by
soybean plants. Water shortages in soil have been reported by Wysokiński et al. [65] and
Divito and Sadras [66] as a factor reducing the percentage share and quantity of nitrogen
biologically reduced by legumes.

5. Conclusions

The research reported here demonstrated that the atmosphere and soil reserves were
major nitrogen sources for soybean. The share of nitrogen derived from the atmosphere,
soil reserves and mineral fertilizer and taken up by the total plant biomass was 46.28,
45.52 and 8.2%, respectively. The whole biomass accumulated 58.10, 52.85 and 9.70 kg
N·ha−1 (5.81, 5.28, 0.87 g N·m−2) from the respective sources. Nitrogen uptake from the
atmosphere was affected by sowing density and study years. In more favourable conditions
(2017) and the sowing density of 70 and 90 seeds·m−2, both individual plant parts and the
whole biomass derived more nitrogen from the atmosphere. Sowing density affected the
amount of nitrogen taken up from fertilizer by roots. More soil-derived nitrogen was taken
up by the roots of plants sown at the lowest density.

In the year characterised by more favourable precipitation and thermal conditions
(2017), soybean took up more nitrogen from all the sources compared with 2018. An
average of 95.24 kg N·ha−1 (9.24 g N·m−2) was removed from the field with seeds, it
being 46.17, 42.20 and 6.68 kg N·ha−1 for an uptake from the atmosphere, soil reserves and
mineral fertilizer, respectively. An incorporation into soil of residues and roots provided
over 25 kg N·kg−1 associated with all the sources (atmosphere, fertilizer and soil reserves).
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As there is a constant increase in the area planted to soybean, research into atmospheric
nitrogen fixation by soybean plants is gaining more and more importance.

The amount of biologically fixed nitrogen is strongly affected by weather patterns
and agrotechnology. Thus, further research is substantiated based on precise modelling
including conditions of plant growth and development.
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29. Szyrmer, J.; Szczepańska, K. Screening of soybean genotypes for cold– tolerance during germination. Z. Pflanz. 1982, 88, 255–260.
Available online: http://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=PASCALAGROLINEINRA82X022
7571 (accessed on 10 January 2021).

30. Muhammad, A.; Khalil, S.K. Changes in soybean seed quality and vigour under different planting dates. Changes 2013, 2, 3.
Available online: http://www.ajsc.leena-luna.co.jp/AJSCPDFs/Vol.2/AJSC2013(2.3-01).pdf (accessed on 10 January 2021).

31. Ismail, F.; Khalifa, M. Irrigation, planting date and intra-row spacing effects on soybean grown under dry farming systems. Qatar
Univ. Sci. Bull. 1987, 7, 149–167. Available online: http://hdl.handle.net/10576/9746 (accessed on 13 January 2021).

32. Cooper, R.L. A delay flowering barrier to higher soybean yields. Field Crops Res. 2003, 82, 27–35. [CrossRef]
33. Zhang, L.X.; Kyei-Boahen, S.; Zhang, J.; Zhang, M.H.; Freeland, T.B.; Watson, C.E.; Liu, X. Modifications of optimum adaptation

zones for soybean maturity groups in the USA. Crop Manag. 2007, 6, 1–11. [CrossRef]
34. Holmberg, S.A. Soybeans for cool temperate climates. Agric. Hort. Genet. 1973, 31, 1–20.
35. Łykowski, B. Climatic Conditions of Soybean Development and Yielding in Poland; SGGW Warszawa: Warszawa, Poland, 1984.
36. Griebsch, A.; Schmidtke, K.; Bellingrath–Kimura, D.; Rosner, G. Wie tief intensive wurzeln Sojabohnen unter kontinental

gepragten Bedingungen Zentraleuropas? Innovatives Denken fur Eine Nachhaltige Land–und Ernahrungswirtschaft. In
Proceedings of the Beitrage zur 15 Wissenschaftstagung Okologischer Landbau, Kassel, Germany, 5–9 March 2019; pp. 108–109.
Available online: https://orgprints.org/id/eprint/36219 (accessed on 12 January 2021).

37. Azam, F.; Farooq, S. An Appraisal of methods for measuring symbiotic nitrogen fixation in legumes. Pak. J. Biol. Sci. 2003, 6,
1631–1640. [CrossRef]
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