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Summary

Soybean crop management have not been studied much in Central Europe as compared with cereals. We assessed the effect of vari-
ety, row spacing, seeding rate and nitrogen (N) fertilization on yields and yield components of soybean in a two-year experiment in
Gleisdorf, Austria. The varieties Lenka, Naya and Xonia were tested in row spacings of 13 cm, 38 cm and 76 cm with 30 germinable
seeds m™. Additionally, 60 seeds m? were tested at 13 cm row spacing, and 38 cm row spacing was additionally established with N
fertilization. Faster soil coverage was obtained with a high seeding rate or narrower row spacings. First pod height differed between
varieties and increased with higher seeding rate. Grain yield was not affected by treatments but yield components differed. The widest
row spacing resulted in a lower plant density but more pods plant?, grains plant’, grains pod™ (in one year) and a higher thousand
kernel weight (TKW). The higher seeding rate resulted in a higher plant density but less pods plant™ whereas grains pod!' and TKW
did not differ. N fertilization did not affect the grain yield. Correlation analysis showed a high adaptability of soybean to different
seeding rates and row spacings through modulation of yield components.

Keywords: Soybean, yield components, row spacing, soil coverage, first pod height

Zusammenfassung

Die Kulturfithrung von Soja ist im Vergleich zu Getreide in Zentraleuropa weniger untersucht. Wir haben den Einfluss von Sorte,
Reihenweite, Saatstirke und Stickstoffdiingung (N) auf Ertrige und Ertragskomponenten der Sojabohne in einem zweijihrigen Ver-
such in Gleisdorf, Osterreich, untersucht. Die Sorten Lenka, Naya und Xonia wurden bei Reihenweiten von 13 cm, 38 cm und 76
cm mit 30 keimfihigen Samen m™ getestet. Zusitzlich wurden bei der Reihenweite von 13 cm 60 Samen m™ und bei jener mit 38 cm
eine N-Diingung getestet. Eine schnellere Bodenbedeckung wurde mit einer hoheren Saatstirke und engeren Reihenweiten erreicht.
Die unterste Hiilsenansatzhdhe unterschied sich zwischen den Sorten und stieg mit der hoheren Saatstirke an. Der Kornertrag wurde
durch die Behandlungen nicht beeinflusst, jedoch aber die Ertragskomponenten. Die weiteste Reihenweite fiihrte zu einer geringeren
Pflanzendichte, aber mehr Hiilsen Pflanze™!, Korner Pflanze!, Korner Hiilse (in einem Jahr) und einem héheren Tausendkorngewicht
(TKG). Die héhere Saatstirke fiihrte zu einer hoheren Pflanzendichte, aber weniger Hiilsen Pflanze!, wihrend die Kérner Hiilse'!
und das TKG nicht beeinflusst wurden. Die N-Diingung beeinflusste den Kornertrag nicht. Die Korrelationsanalyse zeigte eine hohe
Anpassungsfihigkeit der Sojabohne an verschiedene Saatstirken und Reihenweiten mittels der Anpassung der Ertragskomponenten.

Schlagworte: Sojabohne, Ertragskomponenten, Reihenweite, Bodenbedeckung, Hiilsenansatzhohe
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1. Introduction

Soybean is cultivated because of its high content of oil and
protein for many uses in the food and feed sector (Zeller,
1999). The protein content is especially higher in soybean
than that of the other major grain legumes cultivated in
Central Europe (pea, faba bean and lentil) (cf. Vollmann,
2016). Soybean meal is an important protein source in
farm animal nutrition with a high digestibility and addi-
tional energy content (Florou-Paneri et al., 2014).
Production of grain legumes in the European Union occu-
pies only about three percent of the arable land, producing
only about thirty percent of protein crops consumed as
animal feed in the European Union. Consequently, due to
the high deficit of vegetal protein for livestock, a high share
of protein feedstuffs has to be imported, especially soybean
meal and soybeans (Glycine max (L.) Merr.), mainly from
Brazil, Argentina and the US (Henseler et al., 2013). These
massive imports are connected with a number of environ-
mental problems, including the destruction of natural
habitats over wide areas, for example, in Brazil where soy-
bean production is expanded on both land converted from
pasture and tropical forest (Fearnside, 2001).

Taking into account production and transportation, locally
produced and supplied food is recognized as more envi-
ronmentally friendly, for example, due to the reduction of
greenhouse gas emissions compared to imported food, and
could therefore help to reduce greenhouse gas emissions
and energy input (Blanke, 2008; Michalsky and Hooda,
2015). Similarly, the use of regionally produced protein-
rich feedstuffs for dairy production in Austria was found to
result in lower greenhouse gas emissions than feeding dairy
cattle with soybean meal imported from South America,
predominantly due to high emission resulting from land
use changes (Hortenhuber et al., 2011). Additionally, there
is an increasing interest of consumers in locally grown food
for reasons such as taste and concerns regarding food safety
or genetically modified food (Halweil, 2002).

All those reasons call for the reinforcement of home
grown grain legumes in Central Europe. As the yields
of commonly used grain legumes in Central Europe,
which are mainly spring crops, are more variable than
the non-legume yields in Europe (Cernay et al., 2015),
new approaches have to be followed for increasing the
grain legume production, especially under the conditions
of climate change with higher year-round temperatures
and a lower amount of total annual precipitation with a
shift of the rainfall pattern to more rainfall in winter and

early spring but less in summer (Trnka et al., 2011). Such
approaches include winter grain legumes (Neugschwandt-
ner et al., 2015b; 2015¢), heat-tolerant new grain legumes
such as chickpea (Neugschwandtner et al., 2013; 2014)
and the reinforcement of the cultivation of soybean. In a
large mega-environment study for Europe, Kurasch et al.
(2017) have shown that the adaptive plasticity of soybean
might enable its cultivation throughout Europe even at
high-latitude locations in northern Europe, concluding
that thereby soybean might become an integral part of a
sustainable agriculture in Europe.

Soybean is a relatively young crop in the Austrian and
European agriculture. First experiments with soybean
in Europe were started in Austria in 1875 (Haberlandt,
1878). Further experiments have been conducted since
the 1970s for grain use in Austria (Gretzmacher, 1978;
Liebhard, 1980) and for fodder use in Germany (Schus-
ter and Jobehdar-Honarnejad, 1977). In the Austrian
national crop survey, soybean was first recorded in 1990.
In that year, 9,271 ha soybean were cultivated in Austria,
whereas 64,467 ha have been cultivated in 2017 (Statis-
tik Austria, 2018). In 2017, Austria was ranking as num-
ber 8 among the soybean producing countries in Europe.
Compared to the neighboring countries, the cultivation in
2017 was lower in Austria as compared with Italy (322,417
ha), but higher as compared to Slovakia (43,900 ha), Ger-
many (19,000 ha), Czech Republic (15,344 ha), Hungary
(7,727 ha) and Switzerland (1,695 ha) (FAOSTAT, 2017).
In Austria, a nationwide survey of long-term (2003-2016)
grain yield data showed that soybean had the smallest yield
gap between conventional and organic production systems
among major arable crops with an average relative crop
yields of 93.4% in organic compared to the conventional
production (mean: 2.57 t ha'') (Briickler et al., 2017).
Row spacing and seeding rate has been of high interest in
soybean research, especially in the United States in the last
decades. For example, the row spacing in Iowa was in the
1960s and 1970s > 76 cm (with a traditional 102 cm row
spacing according to Taylor, 1980), but a trend towards row
spacings < 76 cm occurred since the 1990s (cf. De Bruin
and Pedersen, 2008). Minimizing plant population but still
achieving optimal yields has become an important topic due
to high seed costs of soybean (Board and Kahlon, 2013).
Narrow row spacing generally were reported to increase
yield. In a multi-year data survey over three geographic
regions in the United States, using data from 4879 soybean
fields, narrow (38 cm) rows had overall higher yields than
wide (76 cm) rows. In two regions, the differences were
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larger with shorter vegetation period, whereas in the third
region, the differences were low likely as environmental
conditions favored canopy closure irrespective of row spac-
ing (Andrade et al., 2019).

Diverging results have been reported for seeding rate: Cox
and Cherney (2011) observed similar yields with three
seeding rates in the northeastern United States and there-
fore recommended lower seeding rates. Contrary to this,
increases in plant density caused higher yields in Austria
(Gretzmacher, 1978) and eastern Germany (Stock et al.,
1996). Comparing different seeding rates on three locations
in Jowa, maximum grain yield was attained with the high-
est plant population, but the yield increase was not so high;
thus, the yield benefit with the highest seeding rates was
overcompensated by increased production costs (De Bruin
and Pedersen, 2008). Also, in northern Nigeria, higher fod-
der and grain yields have been observed with higher than
currently recommended seeding rates (Kamara et al., 2014).
Reasons given for better yields with narrow rows and higher
plant densities are the enhanced early crop growth and the
higher leaf area index and light interception (Shibles and
Weber, 1966; Envi, 1973; Willcott et al., 1984; Bullock
et al., 1998). Further, a decrease of weed infestation and
weed biomass production has been shown by both plant-
ing in narrower rows (Orlowski et al., 2012) and increasing
plant densities (Liebert and Ryan, 2017).

The N demand of soybean is partly fulfilled by biologi-
cal nitrogen fixation (BNF). In a meta-analysis on BNF
of soybean, Salvagiotti et al. (2008) reported for unferti-
lized soybeans that 58% of total N uptake derived from
BNF (with 46 and 74% at the 25-75% percentiles and
a maximum of 98%). N fixation contributed to 40-52%
of overall N uptake in organically grown soybean in Cen-
tral Europe (Schweiger et al., 2012).The further demand
derives from soil mineral N uptake and eventually from N
fertilizer. The effect of fertilization with manure and min-
eral fertilizer on soybean grown in Iran was shown to be
heavily influenced by the weather conditions of the experi-
mental years (Gretzmacher et al., 1994).

Knowledge of soil coverage, yield and yield formation
of soybean as affected by row spacing, seeding rate and
nitrogen fertilization under Pannonian climate conditions
is limited. All yield components of soybean can be more
or less influenced by various agronomic measures (Stock
etal., 1996). Therefore, grain yield and formation of yield
components as affected by the mentioned parameters were
assessed to find the appropriate cultivation techniques for
enhancing the grain yield of soybean.

2. Material and Methods

2.1. Experimental site and weather conditions

The experiment was carried out in 2016 and 2017 in Gleis-
dorf (47°06'55.1"N 15°42'24.2"E, 370 m above sea level)
in Styria (Austria) on the fields of the plant breeding com-
pany Saatzucht Gleisdorf GmbH. The experiment was con-
ducted on a deep Cambisol with a sandy loam soil texture.
The nutrient content classes were according to the Austrian
guidelines for an appropriate fertilization very high for PO
and high for K,O and MgO in 2016, and sufficient for P,O,
and MgO and high for KO in 2017. The soil nitrate (NO,-
N) at seeding in the soil layer of 0-0.9 m was at 26.2 g m™
in 2016 and at 21.3 g m?in 2017.

The mean annual temperature was 8.8°C, the mean annual
precipitation was 815 mm (1981-2010). Table 1 shows
the long-term average monthly temperature and precipita-
tion from April until September and the deviations dur-
ing the growing seasons in 2016 and 2017. Both grow-
ing seasons were by a mean difference of 1.1°C (2016) or
1.0°C (2017) warmer and by a total of -43 mm (2016) or
-29 mm (2017) dryer than the long-term average.

2.2. Experimental treatments and design

A combination of the two factors’ variety combined with dif-
ferent seeding and fertilization treatments was assessed. Fol-
lowing three varieties were used (breeding company and year
of release in brackets): Lenka (Semences Prograin Inc., 2015),
Naya (Semences Prograin Inc., 2010) and Xonia (ERSA FVG,
2014). All three varieties belong in the maturity group 00.
Five seeding and fertilization treatments were compared,
which differed in the number of established germinable
seeds m? (S) — 30 or 60, in row spacing (in cm) — 13, 38 or
76 cm, and in nitrogen (N) fertilization — no fertilization
or 5.4 g N m? N fertilization was applied at flowering
of soybean (on the 28" of May 2016 or the 21* of June
2017) with calcium ammonium nitrate (CAN, 27% N).
The implemented variants were:

e 30S/13cm
e 60S/13 cm
e 30S/38 cm
* 30S/38 cm/N
e 30S/76 cm

The experiment was carried with four replications. Indi-
vidual plots had an area of 12.8 m? (8 x 1.6 m). Seed-
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Table 1. Long-term average monthly temperature and precipitation (1981-2010) and deviations during the growing seasons in 2016 and 2017
Tabelle 1. Langjihrige monatliche Durchschnittswerte fiir Temperatur und Niederschlage (1981-2010) und deren Abweichungen in den Vegeta-

tionsperioden 2016 und 2017

Temperature (°C)

Precipitation (mm)

Mean 2016 2017 Mean 2016 2017
(1981-2010) (£) (%) (1981-2010) (£) (+)
April 9.1 1.6 0.2 54 -14 -1
May 14.4 0.0 12 85 21 -29
June 17.5 1.4 2.7 117 -13 -31
July 19.4 1.5 1.3 102 -28 4
August 18.6 -0.1 1.4 122 42 -16
September 14.0 2.0 -1.0 83 -51 44

ing was performed on the 12* of May 2016 or the 24®
of April 2017 at a seeding depth of 3 cm. At seeding, the
granular rhizobium (Bradyrbizobium japonicum) inoculant
Nodular G (Serbios, Badia Polesine, Italy) was applied
to the soil at a rate 8 kg ha'. The preceding crop was in
both years pumpkin. Mouldboard ploughing of fields was
performed in previous autumn to a depth of 25 cm and
seedbeds were prepared with a harrow. After seeding, weed
control was performed in both years with pre-emergence
herbicides S-metolachlor (1200 g a.i. ha', Dual Gold) and
pendimethalin (682.5 g a.i. ha', Stomp Aqua). Further
weed control was performed in two split applications with
each time imazamox (20 g a.i. ha!, Pulsar 40) and thifen-
sulfuron methyl (3.75 g a.i. ha'!, Harmony SX) on the 1%
and 8" of June 2016 and on the 16" and 29" of May 2017.

2.3. Experimental measurements

The BBCH scale (Witzenberger et al., 1989) was used for
the description of growth stages. Crop stand height was
measured manually in one to two week intervals during
the experiment. Percentage of soil cover of the crops was
measured during the growing period by image analysis of
digital color pictures according to Richardson et al. (2001),
and Karcher and Richardson (2005) using SigmaScan
Pro5 software. Digital photos were taken of each plot from
a constant height of one meter above the ground.

Plants were harvested manually by cutting 4 running
meters per plot at the soil surface at full maturity on the
26" of September 2016 or the 25" of September 2017.
First pod height was measured as a mean of five plants
per plot. Plant samples were then dried at 105°C for 24 h
and divided into grains, pod walls and stems and leaves
to determine the yield components. Leaf litter, which
was shed before the harvest, was not collected. Conse-

quently, the residue yield of soybean is under-estimated
and the harvest index (HI) is over-estimated. Anyhow,
Schapaugh and Wilcox (1980) have shown for soybean
that the actual HI correlates highly significant with the
apparent HI (which is based on the above-ground bio-
mass of mature plants without the shed plant parts), and
consequently, the actual HI should permit a valid com-
parison of treatments.

Yield components were counted or calculated including:
plant density (plants m?), pod density (pods m?), grain
density (grains m?), thousand kernel weight (TKW), pods
plant’, grains plant’, grains pod™ as well as single plant
biomass, single plant grain yield and single pod grain yield.

2.4. Statistics

Statistical analyses were performed using SAS version 9.2.
Analysis of variance (PROC ANOVA) with subsequent mul-
tiple comparisons of means were performed. Means were sep-
arated by least significant differences (LSD), when the F-test
indicated factorial effects on the significance level of p < 0.05.

3. Results

3.1. Crop stand height

Crop stand height was affected by the variety and seeding
and fertilization treatments in both years. Mean maximum
crop stand height (over all varieties and treatments) was
observed on 30 of July 2016 with 112.2 cm and on 5% of
August 2017 with 93.2 cm. In 2016, it was highest up to
mid-June for Xonia and from the end of June up to early
August, highest for Lenka and lowest for Naya. From mid-
August on, when all varieties and especially Lenka started
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lodging, Naya had up to harvest the highest crop stands
(Figure 1 A). Among seeding and fertilization treatments,
differences were small up to early August, when all treat-
ments and especially 60 S/13 cm started lodging. From
mid-August up to harvest, 30 S/76 had higher crop stands
than other treatments (with 30 /36 cm showing interme-
diate values) (Figure 1 B). In 2017, Lenka had the highest
crop stand from mid-June and Naya the lowest one from
end of June on up to harvest (Figure 1 C). Among seed-
ing and fertilization treatments, differences were small
throughout the vegetation period (Figure 1 D).

3.2. Soil coverage

Soil coverage was affected by the variety and seeding and
fertilization treatments in both years. In 2016, it was
among varieties from early June undil late July highest for
Xonia (Figure 1 E). Among seeding and fertilization treat-
ments, soil coverage was highest in 60 S/13 cm, followed
by 30 S/13 c¢m and generally lowest in 30 S/76 cm. A soil
coverage of > 90% could be obtained by 30 S/76 cm in
mid-July; when differences between all treatments dimin-
ished, all other treatments had a soil coverage of > 90%
already end of June (Figure 1 F). In 2017, no differences

between the varieties were observed between end of May
and early June. In mid-June, the soil coverage was high-
est for Xonia and lowest for Naya (with Lenka showing
intermediate values) (Figure 1 G). Among seeding and fer-
tilization treatments, 60 S/13 cm had generally the highest
and 30 S/76 cm the lowest soil coverage (Figure 1 H). In
both years, N fertilization did not affect soil coverage of
the tested treatment with 38 cm row spacing.

3.3. Yields

The mean yield values over all varieties, treatments and
years were: Above-ground dry matter (AGDM) — 938 g
m?, grain yield — 443 g m*, pod wall yield — 153 g m?,
yield of stems and leaves — 342 g m?, total residue yield —
495 g m, harvest index — 47.4%.

The AGDM of Xonia was higher in 2016 than that of Lenka
and Naya, with no differences between varieties in 2017. The
AGDM of Lenka did not differ between the years, whereas
that of Naya was higher in 2017 and that of Xonia higher in
2016 (Figure 2 A). The ADGM did not differ between treat-
ments in 2016; in 2017 is was ranked as follows: 30 S/13 cm
>60 S/13 cm > 30 S/38 cm/N > 30 S/38 cm > 30 S/76 cm.
The AGDM of 60 S/13 cm was higher in 2017 and that

2016 2017
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Figure 1. Crop stand height (A-D) and soil coverage (E-H) of soybean as affected by variety and seeding and fertilization treatment in 2016 and
2017. Error bars show LSDs of the factor interactions (p < 0.05).
Abbildung 1. Bestandeshéhe (A-D) and Bodenbedeckung (E-H) von Sojabohne in Abhingigkeit von Sorte und Aussaat- und Diingungsvariante
in den Jahren 2016 und 2017. Die Fehlerbalken zeigen die Grenzdifferenz (LSD) (p < 0,05).
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Figure 2. Yields and harvest index of soybean as affected by variety (V) and seeding and fertilization treatment (T) in 2016 and 2017. n. s. = not

significant. Error bars show LSDs of the factor interactions (p < 0.05).

Abbildung 2. Ertrige und Ernteindex von Sojabohne in Abhingigkeit von Sorte (V) und Aussaat- und Diingungsvariante (T) in den Jahren 2016
und 2017. n. s. = nicht signifikant. Die Fehlerbalken zeigen die Grenzdifferenzen der Faktorinteraktionen (p < 0,05).

of 30 S/76 cm was higher in 2016 than in the respective
other year. For other three treatments, no differences were
observed between the years (Figure 2 B).

The grain yield of Xonia was higher in 2016 than that of the
Lenka and Naya, with no differences between varieties in
2017 (Figure 2 C). There were no significant differences in
the grain yield between the treatments and years. Grain yield
was highest the for 30 S/13 c¢m and lowest for 60 S/13 cm
(not significant, means over both years) (Figure 2 D).

The pod wall yield of Xonia was in 2016 higher than those of
Lenka and Naya and in 2017 than that of Naya. The pod wall

yield was higher in 2017 than in 2016 with higher differences
for Lenka and Naya than for Xonia (Figure 2 E). Between
seeding and fertilization treatments, it was ranked as follows:
in 2016 — 30 S/76 cm = 30 S/38 cm > 30 S/38 cm/N, 30
S/13 cm > 60 S/13 ¢cm; in 2017 — 30 S/13 cm, 60 S/13 cm >
30 S/38 cm/N, 30 §/38 cm > 30 S/76 cm (Figure 2 F).

Yield of stems and leaves was in 2017 as follows: Xonia
> Lenka > Naya, with no differences between varieties in
2016. It was higher for Lenka and Xonia in 2016 and for
Naya in 2017 compared to the other year (Figure 2 G).
The yield of stems and leaves was for seeding and ferti-
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Figure 3. First pod height of soybean as affected by variety (V) and seeding and fertilization treatment (T') in 2016 and 2017. Significant effects: p

< 0.001 (***). Error bars show LSDs of the factor interactions (p < 0.05).

Abbildung 3. Unterste Hiilsenansatzhdhe von Sojabohne in Abhingigkeit von Sorte (V) und Aussaat- und Diingungsvariante (T) in den Jahren
2016 und 2017. Signifikante Effekte: p < 0,001 (***). Die Fehlerbalken zeigen die Grenzdifferenzen (LSD) der Faktorinteraktionen (p < 0,05).

lization treatments as follows: in 2016 — 60 S/13 cm 2
30 S/13 cm = 30 S/38 cm, 30 S/38 cm/N and 30 S/76 cm;
in 2017 — 60 S/13 cm > 30 S/13 cm > 30 S/38 cm/N,
30 S/38 cm > 30 S/76 cm (Figure 2 H).

Total residue yield (consisting of pod walls and stems and
leaves) was in 2016 as follows: Xonia > Lenka > Naya, with
no differences between varieties in 2017. It was lower for
Naya and higher for Xonia in 2016 than in 2017 with no
differences between years for Lenka (Figure 2 I). No dif-
ferences occurred for total residue yield in 2016 between
treatments. Whereas in 2017, it was as follows: 60 S/13 cm,
30 S/13 cm > 30 S/38 cm/N, 30 S/38 cm > 30 S/76 cm
with higher values in 2017 for 30 S/13 cm and 60 S/13 cm
and a lower one for 30 S/76 cm; total residue yields did not
differ between years for 30 $/38 cm and 30 S/38 cm/N
(Figure 2 J).

The harvest index (HI) was as follows: in 2016 — Naya >
Xonia > Lenka; in 2017 — Naya, Xonia > Lenka. The HI
of Lenka did not differ between years but those of Naya
and Xonia were higher in 2016 than in 2017 (Figure 2 K).
For treatments, it was as follows: in 2016 — 30 S/13 cm,
30 S/38 cm = 30 S/76 cm, 30 S/38 cm/N = 60 S/13 cm;
in 2017 — 30 S/76 cm > 30 S/38 cm/N, 30 S/38 cm >
30 S/13 cm > 60 S/13 cm (Figure 2 L).

3.4. First pod height

The mean first pod height (FPH) over all varieties, treat-
ments and years was 11.6 cm. There was a variety x year
interaction for the FPH (Figure 3 A). The FPH of Lenka
and Xonia was higher than that of Naya in 2016, but
there were no differences between the varieties in 2017.

All three varieties had a higher FPH in 2016 than in 2017
with over 40% higher values for Lenka and Xonia and
just 15% higher values for Naya in 2016 than in 2017.
The treatment effects on the FPH was as follows (Figure
3 B): 60 S/13 cm > 30 S/38 cm/N > 30 S/13 cm and
30 S/38 cm =30 S/76 cm. The FPH of 60 S/13 cm was
by 3.1 cm or almost 30% higher than that of 30 S/76 cm
(13.7 cm vs. 10.6 cm; means over both years).

3.5.Yield components

The mean values for yield components over all varieties,
treatments and years were: plant density — 33.3 plants m?,
pod density — 903 pods m?, pods plant! — 27.1, thousand
kernel weight — 224 g, grain density — 1981 grains m?,
grains plant” — 64.3, grains pod™ — 2.20.

Plant density (PID) did not differ between varieties (Figure
4 A). Among treatments, PID was due to the higher seeding
density of 60 S/13 cm highest for this treatment. Among
treatments sown with 30 germinable seeds m?, PID was
lowest for 30 S/76 ¢cm in 2016 and as follows in 2017:
30 §/13 cm = 30 S/38 cm/N = 30 S/38 cm = 30 §/76 cm.
PID was significantly higher for 60 S/13 ¢cm in 2016 than
in 2017 and also slightly higher for other treatments in
2016 than in 2017 (not significant) (Figure 4 B).

Pod density (PoD) was higher for Xonia than for Lenka and
Naya in 2016 and did not differ between varieties in 2017.
PoD of Xonia was higher in 2016 than in 2017, whereas
it was not different for Lenka and Naya between years
(Figure 4 C). The PoD was among the treatments ranked
as follows: 30 S/13 cm > 30 §/38 cm/N = 30 S/38 cm,
30 S/76 cm and 60 S/13 cm (Figure 4 D).
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The pods plant! (PoP) were more in 2017 than in 2016
and ranked among varieties as follows: Xonia > Lenka
and Naya (Figure 4 E). Among treatments, PoP were
ranked as follows: in 2016 — 30 S/76 cm, 30 S/38 cm
> 30 S/38 cm/N, 30 S/13 cm > 60 S/13 cm; in 2017 —
30 S/76 cm = 30 S/38 cm/N, 30 S/13 cm = 30 S/38 cm
> 60 S/13 cm. PoP were higher in 2017 than in 2016 for
30 S/13 cm, 60 S/13 cm and 30 S/38 cm/N with no differ-
ences for 30 §/38 cm and 30 S/76 cm (Figure 4 F).

The thousand kernel weight (TKW) was ranked as follows: in
2016 — Lenka > Xonia, Naya; in 2017 —Lenka, Xonia > Naya.
Lenka and Naya had a higher TKW in 2016 than in 2017
(with higher differences for Lenka than for Naya) whereas that
of Xonia did not differ between years (Figure 4 G). Among
treatments, the TKW was as follows: in 2016 — 60 S/13 cm
> 30 S/76 cm, 30 S/38 cm > 30 S/13 cm > 30 S/38 cm/N;
in 2017 — 30 S/76 cm > 30 S/38 cm/N = 30 §/38 cm 2
30 S/13 e¢m, 60 S/13 cm (Figure 4 H). Additionally, there
was a variety x treatment interaction for the TKW: The TKW
of Lenka and Naya was significantly higher with 30 /76 cm
than in the other treatments whereas for Xonia no differences
between treatments were observed (data not shown).

Grain density of varieties was as follows: in 2016 — Xonia >
Lenka, Naya; in 2017 — Naya > Xonia > Lenka. The grain
density of Xonia was higher in 2016 than in 2017, with
no differences between years for Lenka and Naya (Figure
4 1). Grain density did not differ between treatments with
highest values for 30 S/13 cm and lowest for 60 §/13 cm
(p = 0.14; not significant) (Figure 4 J).

Grains plant” were higher in 2017 than in 2016 and ranked
as follows: among varieties — Xonia > Naya > Lenka (Fig-
ure 4 K); among treatments — 30 S/76 ¢cm > 30 S/38 cm
> 30 S/38 cm/N > 30 S/13 cm > 60 S/13 cm (Figure 4 L).
Grains pod” were ranked as follows: in 2016 — Xonia,
Naya > Lenka; in 2017 — Naya > Xonia > Lenka (Fig-
ure 4 M). Among treatments, no differences occurred in
2016, whereas treatments were ranked in 2017 as follows:
30 S/76 cm, 30 S/38 cm = 30 S/38 cm/N = 60 S/13 cm >
30 S/13 cm (Figure 4 N).

Summarizing the effects of 30 vs. 60 seed m™ at 13 cm
row spacing (means over both years), the higher seeding
rate resulted in a 1.64-fold higher plant density but the
lower seeding rate resulted in a 1.12-fold higher grain yield
due to a 1.13-fold higher pod density, whereas grains pod!
and TKW were not altered. On the single plant level, pods
plant” were 1.83-fold and grains plant! 1.82-fold higher
with 30 compared to 60 seed m™.

3.6. Single plant and pod yields

The mean values for single plant and pod yields over all
varieties, treatments and years were: single plant biomass —
30.2 g, single plant grain yield — 14.4 g, single pod grain
yield — 0.49 g.

The single plant biomass (SPB) was higher in 2017 than
in 2016 and ranked among varieties as follows: Xonia >
Lenka, Naya, with higher differences for Naya than for
other varieties between years (Figure 5 A). SPB was lower
for 60 S/13 cm than for the other treatments in 2017. In
2016, it was ranked as follows: 30 S/76 cm = 30 S/38 cm
> 30 S/38 cm/N > 30 S/13 cm > 60 S/13 cm (Figure 5
B). There was a variety x treatment interaction: The SPB
of Lenka and Xonia was higher than that of Lenka with
30 S/76 cm (data not shown).

The single plant grain yield (SPIY) was higher in 2017
than in 2016 and was ranked for varieties as follows: Xonia
> Naya and Lenka (Figure 5 C). Among the treatments,
the SPIY was ranked as follows: 30 S/76 cm > 30 S/38 cm
> 30 §/38 cm/N 2 30 S/13 cm > 60 S/13 cm (Figure 5 D).
There was a variety x treatment interaction: The SPIY of
Lenka and Xonia was higher than that of Lenka with 30
S/76 cm (data not shown).

The single pod grain yield (SPoY) was ranked for varieties as
follows: Naya > Xonia > Lenka (Figure 5 E). Among treat-
ments, the SPIY did not differ in 2016 and was ranked in
2017 as follows: 30 S/76 cm > 30 S/38 cm, 30 S/38 cm/N
> 60 §/13 cm, 30 S/13 cm (Figure 5 F).

Summarizing the effects of 30 vs. 60 seed m? at 13 cm row
spacing (means over both years), the lower seeding rate
resulted in a 1.68-fold higher SPB and in a 1.81-fold higher
SPLY, whereas the SPoY was the same for both seeding rates.

3.7. Correlations among biomass fractions

Pearson correlation coefficient for biomass fractions (all
varieties, treatments and years; n = 120). AGDM correlated
positively with grain yield (r = 0.84™* [*** = p < 0.001])
and biomass of pod walls (r = 0.62***) and stems and
leaves (r = 0.80***). Grain yield correlated positively with
pod walls (r = 0.34***) and stems and leaves (r = 0.46***);
the same for pod walls and stems and leaves (r = 0.28***).
The HI did not correlate with AGDM (r = -0.14), posi-
tively with grain yield (r = 0.40***) and negatively with
biomass of pod walls (r = -0.39***) and stems and leaves

(r =-0.49%**).
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Figure 4. Yield components of soybean as affected by variety (V) and seeding and fertilization treatment (T) in 2016 and 2017. Significant effects:
n. s. = not significant, p < 0.05 (*) and p < 0.001 (***). Error bars show LSDs of the factor interactions (p < 0.05).

Abbildung 4. Ertragskomponenten von Sojabohne in Abhingigkeit von Sorte (V) und Aussaat- und Diingungsvariante (T) in den Jahren 2016
und 2017. SignifikanteEffekte: n. s. = nicht signifikant, p < 0,05 (*) and p < 0,001 (***). Die Fehlerbalken zeigen die Grenzdifferenzen (LSD) der
Faktorinteraktionen (p < 0,05).

3.8. Correlations among biomass fractions and yield grains pod™', SPB, grain yield plant” and SPoY decreased,
components whereas the TKW was not affected.

Pod density correlated positively with plant density and
For calculating the Pearson correlation coefficient of negatively with grains pod™. With a higher pod density,
AGDM, grain yield and yield components only from treat-  the AGDM, grain yield, grain density, grains plant” and
ments with 30 sown seeds were used (n = 96; Table 2). grain yield plant” increased but SPoY decreased, whereas
A higher plant density increased AGDM, grain yield, the SPB was not affected.
pod density, grain density but pods plant’, grains plant?,
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Figure 5. Single plant biomass yield, single plant grain yield and single pod grain yield of soybean as affected by variety (V) and seeding and ferti-
lization treatment (T) in 2016 and 2017. Significant effects: n. s. = not significant, p < 0.01 (**) and p < 0.001 (***). Error bars show LSDs of the

factor interactions (p < 0.05).

Abbildung 5 Einzelpflanzenbiomasse, Einzelpflanzenertrag und Einzelhiilsenertrag von Sojabohne in Abhingigkeit von Sorte (V) und Aussaat- und
Diingungsvariante (T) in den Jahren 2016 und 2017. Signifikante Effekte: n. s. = nicht signifikant, p < 0,01 (**) and p < 0,001 (***). Die Fehler-
balken zeigen die Grenzdifferenzen (LSD) der Fakrtorinteraktionen (p < 0,05).

Grains pod’ correlated negatively with plant density, pod
density and showed no correlation with pods plant’. An
increase in grains pod™” resulted in a higher grain density,
grains plant”, SPB, grain yield plant” and SPoY, but a lower
TKW whereas AGDM and grain yield were not affected.
The TKW correlated negatively with grain density, grains
plant’, grains pod but did not correlate with plant den-
sity, pod density, pods plant”. An increase in grains pod™
resulted in a higher SPoY, whereas AGDM, grain yield,
SPB and grain yield plant were not affected.

4. Discussion

The crop stand height of Lenka was the highest in both
years, but in 2016, it showed the strongest lodging among
varieties resulting in higher crop stands of Naya at harvest.
Also, the highest seeding rate resulted in 2016 in lodging
and thus a reduced crop stand height. With widest row
spacing, highest crop stand was obtained from mid-August
up to harvest in 2016. De Bruin and Pedersen (2008) did
not observe differences in the plant height between the row
spacings of 38 and 76 cm of soybean tested with different

seeding rates on three locations in three years in Iowa. Cox
and Cherney (2011) observed a higher crop stand with
19 cm than with 76 ¢cm but no effects of seeding rate on
crop stand height.

A fast soil coverage by plants is important for radiation
interception and soil protection against erosion processes
(Klima et al., 2016). Among varieties, Xonia covered the
soil faster than the other two. N fertilization did not affect
soil coverage but both a higher seeding rate and narrower
row spacings resulted in a faster soil coverage. In 2016,
the widest row spacing attained just in mid-July, thus two
weeks after the other treatments and two months after
seeding, a soil coverage of > 90%. Similar to the soil cover-
age, a higher plant density and narrower row spacing was
reported to increase the leaf area index and to reduce the
days to reach high solar radiation interception (Shibles and
Weber, 1966). Variety effects on soil coverage have already
been reported for spring barley and winter faba bean. Fur-
ther, seeding date, seed size and year can affect soil coverage
(Neugschwandtner et al., 2015a; 2015b; 2019a; 2019b).
Grain loss during combine harvesting is a major problem in
soybean cultivation. This is mainly related to the first pod

high. Stock et al. (1996) have reported that high grain losses
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Table 2. Pearson correlation coeflicient of AGDM, grain yield and yield components for all treatments with a seeding rate of 30 seeds m™ (all varieties,

both years; n = 96)

Tabelle 2. Korrelationskoefhzient nach Pearson fiir die oberirdische Biomasse, Kornertrag und die Ertragskomponenten aller Behandlungen mit der
Saatstirke von 30 Kérnern m? (alle Sorten, beide Jahre; n = 96)

Grain Harvest Plant Pod Pods TKG Grain Grains Grains SPB SPlY SPoY
Index density density plant? density plant?! pod™!

AGDM 0.87*** 0.87*** 0.49*** 0.87*** 0.41%%* -0.09 0.87*** 0.33%%* -0.02 0.43%** 0.30%* -0.06
Grain yield 0.32** 0.49%** 0.87*** 0.43%** 0.04 0.96*** 0.43%** 0.17 0.30** 0.45%** 0.20*
Harvest Index 0.01 0.07 0.11 0.24* 0.24* 0.27** -0.01 0.43%** 0.31** -0.06
Plant density 0.65%*  -0.43*** -0.01 0.49**  -0.51"*  -0.31**  -0.56"* -0.53***  -0.31**
Pod density 0.40*** -0.12 0.89*** 0.23* -0.22* 0.18 0.21* -0.28**
Pods plant’ -0.11 0.44*** 0.90*** 0.11 0.87*** 0.90*** 0.04
TKG -0.23* -0.21* -0.28** -0.09 0.04 0.31**
Grain density 0.47%%* 0.24* 0.31** 0.42%** 0.11
Grains plant! 0.52%** 0.86*** 0.97%** 0.39%**
Grains pod™! 0.27** 0.45%*  0.82%**
SPB 0.85%** 0.21*
SPoY 0.47***

AGDM = above-ground dry matter; HI = Harvest index; SPB = single plant biomass; SPIY = single plant grain yield; SPoY = single pod grain yield. Significant

effects: p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***).

can just be avoided if the first pod height is over 20 cm. In
our experiment, the first pod height differed between years
and was higher for Lenka and Xonia than that of Naya
in one year. Also, Popovic et al. (2012) reported for soy-
bean that the first pod height differed between varieties.
The first pod height was highest in the treatment with the
double amount of sown seeds and lowest with the widest
row spacing. Similar to our observations, a strong increase
of the first pod high with higher plant densities has been
shown by Stock et al. (1996). Further seeding date can
influence the first pod height as shown for chickpea, where
with earlier seeding, the plant height and thereby the FPH
increased (Lépez-Bellido et al., 2008).

Xonia had in 2016 a higher grain yield, pod wall yield
and stems and leaves yield, and thus, the highest AGDM
yield compared to the other varieties, whereas the AGDM
and grain yield did not differ between the varieties in
2017. Seeding and fertilization treatments had no effect
on ADGM and the grain yield in 2016 but in 2017,
the ADGM was highest with narrow row spacing and
decreased with increasing row spacings. Grain yield did
not differ between treatments in both years. Pod wall
yield was highest with wide spacing and lowest with nar-
row row spacing in 2016 and the other way around in
2017. Yield of stems and leaves was in both years highest
with narrow row spacing and lowest with wide row spac-
ing. Thus, no differences in total residue yield occurred in
2016 but in 2017, it was highest with narrow and lowest
with wide row spacing. Consequently, the lowest HI with

highest seeding rate was a result of the tendency, that with
higher seeding rate, the lowest grain yield was obtained
(as AGDM was in both years high with the higher seeding
rate) and the highest HI in 2017 with wide row spacing
was a result of the low AGDM yield (and no differences
between grain yields).

Narrower row spacing and higher seeding rate have been
reported to increase the yield due to a higher leaf area
index and less days to reach high solar radiation intercep-
tion (Shibles and Weber, 1966; Willcott et al., 1984) and
enhanced early growth (Bullock et al., 1998). Contrary to
that, we found no difference for grain yield in both years
and a lower AGDM with wider row spacing just in one
year. Also, contrary to our observations that no interaction
of experimental factors occurred, Willcott et al. (1984)
reported for the grain yield of soybean a variety x row spac-
ing x seeding density interaction.

The harvest index was the lowest with highest seeding rate
in both years and narrower row spacing in one year. With
a higher plant density and narrower plant spacing, the HI
was reported to decrease as full radiation interception dur-
ing seed formation is required for maximum seed yield,
and conditions resulting in a high seasonal interception
like higher plant density may not result in highest seed
yield (Shibles and Weber, 1966). Further, the crop growth
rate but not the relative growth increases with higher plant
densities, resulting in a higher AGDM with increasing
seeding rate but lower grain yield and impaired formation
of yield components (Envi, 1973).

Die Bodenkultur: Journal of Land Management, Food and Environment

70 (4) 2019



232

Reinhard W. Neugschwandtner et al.

The grain yield of the varieties did not differ in 2017, but
in 2016, the grain yield of Xonia was higher than that
of the Lenka and Naya, which was a combination of the
general higher plant density (of all varieties) in 2016 than
in 2017 and a higher number of pods plant” of Xonia in
both years. Although grain yield did otherwise not differ,
the yield formation through yield components differed
between the three varieties: Xonia had the highest num-
ber of pods plant and thus also the highest PoD and due
to more grains pod also the highest grain density. Lenka
had the lowest number of grains pod™ and also the lowest
number of grains plant’ (as also pods plant” and the pod
density were lower than that of Xonia but similar to that
of Naya). Naya had in 2017 the highest number of grains
pod™! but the lowest TKW.

Among treatments with 30 sown seeds, the widest row
spacing resulted in the lowest plant density, presumably
due to higher intra-row competition compared to plants
sown in narrower rows. Whereas pods plant”’, TKW and
grains plant™ and grains pod™” (in 2017) of that treatment
were the highest. Consequently, a similar grain density but
alower pod density was achieved. The single plant biomass
was the highest in 2017, the SPIY in both years and single
pod grain yield in 2017. Similar to Ferreira et al. (2018),
who reported a higher production of pods and grains in
branches with narrower row spacing, we also observed
more pods plant’ and more grains plant! with wider row
spacings. Contrary to our observations, Cox and Cherney
(2011) reported for three row spacings (19, 38 and 76 cm)
no differences in the plant density but a lower AGDM and
grain yield with wider row spacing due to a lower pod den-
sity, a lower grain density and a lower number of grains
plant’, whereas grains pod™ increased as also observed in
our study with wider row spacing. Anyhow, yield compo-
nents of individual plants were shown to be more affected
by plant spacing within a row than by the row spacing
itself (Worku and Astatkie, 2011).

A higher seeding rate at 13 cm row spacing resulted in a
higher plant density but a lower grain yield, as the pod
density was lower with the higher seeding rate. Also, the
single plant biomass, the SPIY and pods plant” were con-
siderably reduced, whereas seeding rate had no influence
on grains pod !, TKW and the single pod grain yield. Cox
and Cherney (2011) had already reported for four seed-
ing rates a similar grain yield as single plant biomass and
side branches plant”, pods plant” and grains plant’ were
lower with the higher plant density, whereas grains pod™
and TKW were not affected by seeding rate. Contrary to

that, Envi (1973) observed a decrease of the TKW of side
branches with increasing seeding rate. Ferreira et al. (2018)
reported that with increasing seeding rate, the number of
pods plant’ was reduced in a greater magnitude at the
branches than at the main stem whereas grain pod™! was
neither altered in the pods located at the stem or at the
branches when the plant arrangement changed. Similar to
these observations for soybean, also in faba bean, different
plant densities tended not to affect the pod density (Pat-
rick and Stoddard, 2010), as competition between plants
generally reduced pods plant” rather than grains pod™ or
seed size (Adisarwanto and Knight, 1997).

Different morphological responses (e.g., through branch-
ing) between varieties to different seeding rates have already
been shown by Board and Kahlon (2013). The higher SPB
and SPIY of Xonia compared to Lenka and Naya and the
higher TKW of Lenka and Naya compared to Xonia with
30 S/76 cm but not with other treatments indicate that
there are also different morphological responses of varieties
to the altered row spacing. Similar to these observations,
Authammer and Kibler (1997) also reported for silage
maize a decrease of the single plant yield but no effects on
dry matter yields per area with increasing plant density.
No yield response was observed due to the application
of 5.4 ¢ N m™ at flowering. Although with N fertiliza-
tion, less pods plant™ and a lower TKW was observed in
2016 as compared to the unfertilized treatment with the
same row spacing; no differences occurred for pod den-
sity, grain density, grains plant” and grains pod” in both
years. Also, the single plant biomass, the single plant grain
yield and the single pod grain yield were similar for both
treatments in both years. Soil mineral nitrogen at seeding
was in both years very high. So obviously, soybean could
fulfill its N demand through the available soil N and N
fixation, needing no further mineral N. In experiments
performed in Argentina and Nebraska (USA), which had
a wide range of seed yields, a yield response to N fertilizer
was just observed in environments with a high yield poten-
tial, where indigenous N sources were insufficient to fully
satisfy the crop N demand (Cafaro La Menza et al., 2017).
Further, N application at flowering might not be the best
time for N fertilization. In a synthesis-analysis comparing
experiments over the United States, N fertilization had a
measurable, but small effect on soybean yield. Across all
experiments, split N application was more effective than a
single N application and N application before the repro-
ductive stage was more effective than N application during
the reproductive stage (Mourtzinis et al., 2018).
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Correlation analysis showed that grain yield increased with
an increase of the AGDM, harvest index and the plant and
pod density. TKG and grain pod™ did not affect the grain
yield but their combined effect (SPoY) had a positive effect
on it. A higher SPIY resulted from more pods plant’ and
grains pod! whereas TK'W had no effect; and a higher SPoY
resulted from more grains pod™” and a higher TK'W. Similar
to our observations, Sudari¢ and Vratari¢ (2002) reported a
positive correlation of grain yield with pods plant”, grains
plant?, SPIY, HI but they also reported a positive correlation
with TKW. They also found no correlation of pods plant”
with TKW and HI. Also, Stock et al. (1996) reported a posi-
tive correlation of grain yield with pods plant™ but also con-
trary to our results, a positive correlation of grain yield with
grains pod™ and TKW and a negative correlation with plant
density. TKW was in our experiments just positively cor-
related with HI, with no other parameters affecting it. Con-
trary to that, Weatherspoon and Wentz (1934) have found a
negative correlation of TKW and pods plant™. Our correla-
tion results and similarities or differences to other experi-
ments highlight the high phenotypic plasticity of soybean to
undergo changes in morphology during adaption to distinct
environmental conditions (cf. Ferreira et al., 2018).

5. Conclusion

Crop management techniques such as choice of variety,
seeding rate, row spacing and N fertilization might affect
crop stand height and soil coverage. But grain yield of
soybean remained stable over a wide range of row spac-
ings and also between different seeding rates and with N
fertilization. Soybean is obviously highly adaptable to dif-
ferent conditions through compensation or competition
processes during the formation of yield components. Con-
sequently, from an agronomic point of view, cultivation
with a low seeding rate, a wider row spacing and no N
fertilization can be recommended.
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